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Abstract

Tropical forests sustain a disproportionate share of global biodiversity 
and of nature’s contributions to people, yet they are increasingly 
destabilized by interacting pressures from climate change, land-use 
change and intensifying disturbance regimes. Understanding and 
monitoring forest resilience — the capacity to resist, absorb, recover 
from and adapt to disturbance — requires scalable approaches that 
integrate biodiversity, ecosystem structure and function across space 
and time. In this Review, we discuss how the essential biodiversity 
variables (EBV) framework, enabled by satellite remote sensing, has 
improved understanding of forest resilience under global environmental 
change. Remotely sensed EBV proxies derived from multispectral, 
thermal, hyperspectral, radar, light detection and ranging (LiDAR) and 
solar-induced fluorescence observations capture multiple facets  
of biodiversity and ecosystem dynamics. However, scale dependence, 
observational biases and the limited capacity of current EBVs to resolve 
fine-grained biological and mechanistic processes underpinning 
resilience (particularly species turnover and functional reassembly)  
are critical limitations. Emerging opportunities, including data  
fusion, next-generation satellite missions and integration with  
in situ observations, will advance the operationalization of  
EBV-based resilience monitoring, particularly in the context of the 
Kunming–Montreal Global Biodiversity Framework.
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composition and landscape fragmentation); and by quantifying recov-
ery (how quickly ecosystem functions return to pre-disturbance lev-
els). Long-term satellite missions, such as Landsat, have been useful 
in monitoring ecosystem change through consistent multispectral 
observations over several decades. Newer spaceborne missions are 
now capable of capturing key dimensions of ecosystem structure 
and function. For example, the Global Ecosystem Dynamics Inves-
tigation (GEDI) provides full-waveform light detection and rang-
ing (LiDAR) measurements that improve characterization of forest 
vertical structure21, and ESA (European Space Agency)’s BIOMASS 
mission aims to enhance the accuracy of global estimates of forest 
carbon dynamics. Together, products derived from these missions 
have substantially improved the ability to observe forest change and 
infer proxies of resilience across regional to global scales. However, 
despite these advances, important limitations remain. In particu-
lar, uncertainties persist at local scales owing to spatial resolution 
constraints, as well as the scarcity of field observations required 
for robust calibration and validation in many tropical regions. More 
fundamentally, the extent to which remotely sensed observations 
can capture the multidimensional and process-based nature of for-
est resilience, especially its biological and mechanistic components, 
remains an open question.

In this Review, we address this challenge by assessing to what 
extent the EBV framework, enabled by remote sensing, has improved 
understanding of tropical forest resilience to global change. Moving 
beyond a general overview, we focus specifically on how remotely 
sensed proxies for key biodiversity facets, taxonomic, functional, 
phylogenetic and genetic (Fig. 1), have contributed to diagnosing, 
monitoring, and, increasingly, anticipating resilience dynamics in 
tropical forests. We evaluate the major advances achieved through 
remote sensing for the generation of EBVs, while critically examining 
their limitations in capturing the complexity and multiscale nature of 
resilience, particularly with respect to species turnover, functional 
reorganization, and ecological processes that remain only partially 
observable from space. Finally, we identify persistent conceptual and 
methodological gaps and highlight emerging opportunities, includ-
ing data fusion (integration of information from multiple sensors or 
datasets to improve biodiversity monitoring, reduce uncertainty and 
enhance ecological interpretation), next-generation satellite missions 
and stronger integration with in situ observations, to strengthen the 
role of EBVs in resilience assessment across tropical forest ecosystems. 
These developments are essential for advancing more robust, scalable 
and policy-relevant monitoring frameworks in support of international 
commitments such as the GBF, particularly in the context of rapidly 
intensifying global environmental change.

Relevant remote sensing methods
Remote sensing provides a multiscale suite of tools for monitoring 
tropical forest biodiversity from individual species to entire biomes. 
In this section, we review the principal sensing systems used in bio-
diversity research, from spaceborne passive and active platforms to 
airborne (crewed) and drone-based (uncrewed) instruments. We situate 
the methods within the EBV framework by discussing their integration 
into standardized EBV monitoring pipelines.

Sensors and associated EBV products
Remote sensing systems are broadly divided into active and passive 
approaches. Active systems, such as LiDAR, emit their own energy 
and measure returned signals to retrieve 3D vegetation structure. 

Introduction
Tropical forests contain a large proportion of Earth’s terrestrial bio-
diversity and have a central role in regulating global carbon, water 
and energy cycles1,2. However, they are undergoing rapid transfor-
mation under interacting pressures from climate change, land-use 
change and intensifying disturbance regimes such as droughts and 
fires1–5. Specifically, increasing disturbance frequency and severity 
are altering forest structure, composition and functioning, raising 
concerns about their long-term resilience and capacity to maintain 
ecological processes under environmental change6,7. Tropical for-
ests are considered highly vulnerable to climate change as many of 
their species evolved under relatively stable climatic conditions8, and 
low-elevation forests are especially at risk because species have limited 
opportunities to migrate when climatic thresholds are exceeded9. 
Understanding how biodiversity contributes to tropical forest resil-
ience, and how these dynamics can be monitored consistently across 
space and time, have therefore become a major challenge in ecology 
and conservation science.

As ecosystem degradation increases, the loss of ecosystem func-
tioning and its slow recovery become increasingly pronounced. For 
example, following droughts and fire disturbances, tropical forests 
can require several decades to recover pre-disturbance biomass lev-
els, resulting in prolonged reductions in carbon storage capacity10–12. 
In response to these accelerating changes and their consequences 
for ecosystem function and services, a growing body of research has 
focused on forest resilience, seeking to understand the mechanisms 
by which forests cope with, adapt to and recover from climatic and 
anthropogenic disturbances. Multiple biodiversity facets (in other 
words, complementary dimensions of biodiversity, including taxo-
nomic, functional, phylogenetic and genetic diversity) are now rec-
ognized to underpin several components of resilience, such as the 
capacity of tropical forests to resist, absorb, recover from and adapt 
to disturbance.

In an effort to monitor the state, trends and changes of biodi-
versity consistently across spatial and temporal scales, the Group on 
Earth Observations Biodiversity Observation Network (GEO BON) 
established a suite of essential biodiversity variables (EBVs)13,14. EBVs 
comprise six core classes: genetic composition, species populations, 
species traits, community composition, ecosystem structure and 
ecosystem function. Importantly, EBVs offer a unifying framework 
for translating biodiversity science into policy-relevant metrics13,15, 
explicitly serving as a bridge between scientific observations and 
reporting requirements under the Kunming–Montreal Global Bio-
diversity Framework (GBF) and the biodiversity-related Sustainable 
Development Goals (SDGs, in particular SDG 15 ‘Life on land’). Remote 
sensing, the acquisition of information about Earth’s surface using 
sensors mounted on satellites, aircraft or unmanned aerial vehicles 
(UAVs), aids EBV implementation by enabling systematic, repeatable 
and spatially continuous observations, which are combined with eco-
logical models to extrapolate from local measurements to regional 
and global scales16,17.

Remote sensing has emerged as a cornerstone of forest eco-
system monitoring18–20, complementing field-based monitoring by 
enabling consistent tracking of biodiversity facets and ecosystem 
processes across space and time. Crucially, remote sensing underpins 
the assessment of forest resilience in several ways: through the track-
ing of resistance (as, for example, how much ecosystem functions 
such as productivity or gas exchange decline during disturbance); 
through the tracking of structural changes (vegetation structural 
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Spaceborne examples include GEDI, which provides near-global 
measurements of canopy height, vertical structure and estimates 
of above-ground biomass through laser sampling of forest profiles21,22. 
By contrast, passive remote sensing systems rely on reflected solar 
radiation to derive spectral information23. Multispectral sensors 
(such as Sentinel-2 and Landsat) capture discrete spectral bands and 
are widely used to measure land cover, vegetation condition and 
their changes across time and space. Hyperspectral sensors operate 
on the same physical principle but offer substantially higher spec-
tral resolution, acquiring data in hundreds of narrow, contiguous 
bands, thereby enabling more detailed characterization of morpho-
logical, biochemical and physiological vegetation properties than 
multispectral sensors.

Recognizing the growing role of satellite observations in biodi-
versity monitoring, the concept of satellite remote sensing EBVs was 
introduced as a unifying framework for integrating satellite, airborne 
and in situ observations into harmonized biodiversity indicators24 
(Table 1). However, the six main EBV classes have been studied to a 
varying extent in the context of remote sensing, and important gaps 
remain (Box 1). Advancing the use of remote sensing to quantify bio-
diversity resilience requires close collaboration between ecologists, 
conservationists and the Earth observation community, particularly to 
improve ecological models with enhanced predictive and explanatory 
capacity.

Spatial, spectral and temporal scaling
One of the primary advantages of spaceborne remote sensing is its 
ability to provide repeat sampling over large spatial extents (Table 1). 
For example, Sentinel-2 offers ~10-m spatial resolution with global 
revisit times of ~5 days since 2015, enabling high-frequency moni-
toring of tropical forest condition and disturbance. This temporal 

resolution is particularly important because tropical forests occur 
in persistently cloud-prone environments where frequent observa-
tions increase the likelihood of acquiring usable data. When com-
bined with Landsat imagery, Sentinel-2 contributes to continuous 
multidecadal data (from 1972), supporting long-term monitoring of 
tropical forest change. Such change detection approaches typically 
rely on pixel-based and band-based classification techniques to iden-
tify forest resilience through trends in forest dynamics, disturbance 
and recovery25.

Spatial resolution strongly influences biodiversity inference. 
Although satellite sensors provide moderate resolution, airborne 
platforms and UAVs offer centimetre-level detail, enabling fine-scale 
mapping of forest heterogeneity and individual canopy features. 
Drone-based multispectral systems (typically 3–10 bands) can resolve 
local species or functional variation, but remain limited in spatial 
coverage, repeatability and operational scalability. They are there-
fore most valuable for calibration, validation and linking field data to 
satellite-scale products in multiresolution frameworks26.

Remote sensing of biodiversity facets
Multiple aspects of biodiversity together determine forest resilience, 
including the capacity to resist disturbance, recover from stress, and 
reorganize under novel environmental conditions (Fig. 2). Framing 
these facets as EBVs clarifies not only their ecological roles in sustain-
ing resilience, but also what dimensions are currently monitorable at 
scale and where observational gaps persist. In this section, we discuss 
how four key biodiversity facets (taxonomic, functional, phylogenetic 
and genetic diversity) that are part of the EBVs framework underpin 
different components of resilience and to what extent remote sensing 
can detect, quantify and track its dynamics at operationally relevant 
spatial and temporal scales.

Remote sensing
• LiDAR
• Radar
• Multispectral
• Hyperspectral 

Tree and forest properties
• Leaf chemistry
• Leaf morphology
• Phenology
• Canopy structure
• Physiology

Biodiversity facets
• Taxonomic diversity
• Functional diversity
• Phylogenetic diversity
• Genetic diversity

EBV classes
• Ecosystem structure
• Ecosystem function
• Community composition
• Species traits
• Species populations
• Genetic composition

Indicators of 
progress toward 
Global Biodiversity 
Framework goals 
and targets

Proxies of resilience to disturbance and
global change
• Resistance (capacity to continue functioning 

with no change despite disturbance events) 
• Recovery (how quickly the variable returns 
 to baseline following disturbance) 
• Reorganization (altered species abundance 

and composition)

Translate

Measure

Correlate

Infer

Fig. 1 | Conceptual framework for linking vegetation remote 
sensing to tropical forest resilience and the Kunming–
Montreal Global Biodiversity Framework. Remote sensing 
platforms can measure several properties of trees and forests, 
which are then used to infer biodiversity facets and essential 
biodiversity variables (EBVs). When monitored over time and 
across space, these biodiversity variables can be correlated 
with several proxies of forest resilience. The variables can also 
be translated into indicators of progress toward Kunming–
Montreal Global Biodiversity Framework targets. LiDAR, light 
detection and ranging.
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Taxonomic diversity
Taxonomic diversity is a fundamental dimension of biodiversity and a 
key determinant of forest resilience. High species richness (α-diversity) 
and heterogeneous species composition across space (β-diversity) 
buffer ecosystems against climate extremes, facilitate post-disturbance 
regeneration and promote long-term stability through functional 
complementarity and redundancy27. Temporal changes in β-diversity 
can reveal forest homogenization following repeated disturbance, 
indicating resilience loss28,29. Within the EBV framework and specifically 
within the community composition EBV class, taxonomic diversity is 
central to understanding how forest communities reorganize under 
disturbance and climate change30.

Taxonomic diversity can be monitored through surrogate- and 
count-based remote sensing approaches. Surrogate approaches infer 
taxonomic diversity patterns from spectral or structural heterogeneity. 
Hyperspectral data, for example, use relationships between spectral 
variability and species turnover to estimate α-diversity and β-diversity31. 
Based on the spectral species concept and the spectral-variation 
hypothesis32, whereby pixels with similar spectra are clustered to esti-
mate α-diversity and β-diversity, these approaches have been applied 
using airborne, UAV and satellite data in tropical forests33–35. Although 
they do not estimate absolute species richness, they provide robust 
proxies of taxonomic diversity and identify areas of high species turno-
ver associated with ecological resilience36. Count-based approaches aim 

Table 1 | Remote-sensing-derived essential biodiversity variables (relevant to tropical forest monitoring)

EBV class Spatial 
extent

Representative indicators Remote sensing measurements

Ecosystem 
structure

Local to 
global

Vegetation structure; habitat structure and pattern; 
forest disturbances; vegetation classification and 
land use change

Spectral indicators from optical imagery (NDVI, EVI, texture metrics)135,136;  
SIF for land use detection127,137; LiDAR-based height metrics, canopy cover, PAI, 
canopy vertical complexity138–146; L-band, P-band of SAR for AGB, and ground 
penetrating radar for below-ground biomass147; fusion of radar/optical with 
spaceborne LiDAR (for example, GEDI-Tandem-X or Landsat-GEDI)148,149

Ecosystem 
function

Regional 
to global

Gross or net primary productivity; carbon stocks; 
carbon emissions; carbon sink; evapotranspiration; 
canopy water content; canopy nitrogen content; 
ecosystem phenology (photosynthesis, respiration, 
green-up)

SIF from OCO-2/OCO-3, Sentinel-5P as a proxy for photosynthesis, 
capturing GPP, carbon flux and responses to drought127,137,150–152; multispectral 
imagery-based NDVI, EVI, fAPAR, LAI, phenology and VHI from MODIS, 
Sentinel-2 or Landsat153–155. Thermal infrared-based land surface temperature 
and evapotranspiration from MODIS thermal, Landsat TIR, ECOSTRESS; passive 
microwave-based vegetation water content from SMAP/SMOS and VOD128,156–158, 
LiDAR and radar-based AGB recovery and carbon sink/source159

Community 
composition

Regional Plant functional types; species assemblages; 
floristic composition; species richness; taxonomic, 
functional and phylogenetic diversities; community 
homogenization

Optical imagery for NDVI, EVI, FCVI, SAVI, texture metrics from Landsat, 
Sentinel-2, PlanetScope, WorldView-2/-3 and MODIS160,161. Canopy surface 
temperature, thermal heterogeneity and heat stress frequency from Landsat TIR 
and ECOSTRESS; SAR for backscatter, polarimetric decomposition, and canopy 
penetration differences from Sentinel-1, ALOS PALSAR and Polarimetric SAR162; 
canopy-level reflectance data using UAV-borne, airborne and spaceborne 
hyperspectral sensors, for example, AVIRIS/AVIRIS-NG, DESIS, HyMap, APEX, 
Hyperion; LiDAR-based canopy height metrics, canopy rugosity, gap fraction, 
vertical foliage profile and complexity, including terrestrial, airborne and 
spaceborne LiDAR163,164. SIF-based maximal photosynthesis165

Species 
traits

Local to 
regional

Morphological, physiological, ecological and 
reproductive plant traits

Hyperspectral reflectance for biochemical and physiological traits retrieval 
from airborne (for example, CAO-2, AVIRIS, AVIRIS-NG, HyMap, AISA 
Eagle, APEX, CASI) and spaceborne (for example, Hyperion (EO-1), DESIS, 
PRISMA)166–170; terrestrial and airborne LiDAR for architectural and structural 
plant traits, and individual tree crown trait mapping124,171–173; optical multispectral 
LAI, deciduousness, flowering based on Sentinel-2, Landsat, MODIS, 
PlanetScope and WorldView174–178

Species 
populations

Local to 
regional

Species distributions, species abundances, species 
presence and absence; seedling establishment, 
colonization, invasive species dominance, 
population turnover; survival rate, mortality rate, 
population decline, extinction risk, local extinction

Optical imagery, including very-high-resolution WorldView-2/WorldView-3, 
Pléiades 1A, Sentinel-2 MSI and Landsat (TM, ETM+, OLI)179–184; hyperspectral and 
LiDAR (see ‘Species traits’ above)185,186

Genetic 
composition

Local to 
regional

Genetic diversity, genetic variance; allelic richness, 
heterozygosity, polymorphism, genetic bottleneck; 
genetic differentiation (number of genetic units 
and genetic distance), effective population size and 
inbreeding, genetic connectivity and gene flow, 
adaptive evolution

Leaf-level spectral reflectance and imaging hyperspectroscopy69,92–97; 
complementary optical imagery for landscape connectivity, fragmentation, 
and species occurrence; LiDAR supports crown segmentation and tree 
architecture187

Further details regarding the example studies are provided in Supplementary Table 1. AGB, above-ground biomass; AISA, Airborne Imaging Spectrometer for Applications; ALOS PALSAR, 
Advanced Land Observing Satellite Phased Array L-band Synthetic Aperture Radar; APEX, Airborne Prism Experiment; AVIRIS, Airborne Visible/Infrared Imaging Spectrometer; AVIRIS-NG, 
Airborne Visible/Infrared Imaging Spectrometer–Next Generation; CAO-2, Carnegie Airborne Observatory 2; CASI, Compact Airborne Spectrographic Imager; DESIS, DLR Earth Sensing 
Imaging Spectrometer; EBV, essential biodiversity variable; ECOSTRESS, Ecosystem Spaceborne Thermal Radiometer Experiment on Space Station; EVI, Enhanced Vegetation Index;  
ETM+, Enhanced Thematic Mapper Plus; fAPAR, fraction of absorbed photosynthetically active radiation; FCVI, Forest Canopy Vegetation Index; GEDI, Global Ecosystem Dynamics Investigation;  
GPP, gross primary productivity; Hyperion, Hyperion imaging spectrometer onboard EO-1 (Earth Observing-1); LAI, leaf area index; LiDAR, light detection and ranging; MSI, MultiSpectral 
Instrument; MODIS, Moderate Resolution Imaging Spectroradiometer; NDVI, Normalized Difference Vegetation Index; OCO-2, Orbiting Carbon Observatory-2; OCO-3, Orbiting Carbon 
Observatory-3; OLI, Operational Land Imager; PAI, plant area index; PRISMA, Precursore Iperspettrale della Missione Applicativa; SAR, synthetic aperture radar; SAVI, Soil-Adjusted Vegetation 
Index; Sentinel-5P, Sentinel-5 Precursor; SIF, solar-induced fluorescence; SMAP, Soil Moisture Active Passive; SMOS, Soil Moisture and Ocean Salinity; TM, Thematic Mapper; TIR, thermal infrared;  
UAV, unmanned aerial vehicle; VHI, Vegetation Health Index; VOD, vegetation optical depth.
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to directly map species distributions using high-spatial-resolution opti-
cal imagery. Their application in tropical forests remains challenging 
owing to extreme species richness and difficulties in delineating indi-
vidual tree crowns (but see recent work37). A notable exception is French 
Guiana, where 169 species were mapped using airborne hyperspectral 
imagery and automated crown segmentation38.

Broad-scale, wall-to-wall mapping of taxonomic diversity with 
remote sensing can complement field inventories typically biased 
towards accessible areas39. Progress in this field is driven by (1) the 
spectral species concept, the spectral-variation hypothesis and 
spectranomics40, where canopy spectral heterogeneity reflects 
chemical and structural variations linked to potential single species 
and species diversity, and (2) multisensor fusion and individual-tree 
approaches that combine spectral, structural and contextual data 
to map α-diversity and β-diversity across scales41. At fine scales, UAV 

platforms equipped with hyperspectral and LiDAR sensors support 
individual-tree crown delineation and species assignment, providing 
high-resolution maps of α-diversity and β-diversity41.

Imaging spectroscopy, primarily from airborne and increasingly 
from spaceborne platforms, has been used to retrieve foliar traits that 
can be clustered or modelled to infer species richness and turnover. 
Studies in tropical and subtropical forests show that imaging spectros-
copy reliably captures α-diversity and β-diversity when integrated with 
plot inventories42. In parallel, high-resolution multispectral sensors (for 
example WorldView and Planet), together with Sentinel-2 and Landsat 
time series, are used to map community types and diversity proxies using 
calibration data and multitemporal metrics. Other approaches further 
partition γ-diversity into α-components and β-components using 
multispectral or hyperspectral data within ordination frameworks,  
enabling spatially explicit diversity assessments43.

Box 1 | Gaps in the use of remote sensing to study EBVs
 

Some essential biodiversity variable (EBV) classes have been  
better studied in the remote sensing literature than others.  
To illustrate patterns in data gaps, we retrieved articles (n = 4,481) 
published between January 2013 and December 2025 that used 
hyperspectral, LiDAR, microwave, optical and solar-induced 
fluorescence (SIF) sensors to measure or predict indicators within 
the six EBV classes: ecosystem structure, ecosystem function, 
community composition, species traits, species populations 
and genetic composition (methods details in Supplementary 
Information).

Studies of ecosystem structure are most abundant in the remote 
sensing literature, with nearly 1,200 publications, far exceeding 
all other EBV classes. Ecosystem structure is followed distantly by 
ecosystem function, whereas genetic composition remains almost 
entirely unstudied via remote sensing (part a of the figure, left panel). 
Further, different sensor types have been used to different extents in 
the detection of EBVs. Optical and hyperspectral sensors account for 

the largest share of publications across most biodiversity dimensions, 
whereas LiDAR shows strength specifically for ecosystem structure. 
Publication output has increased substantially since 2013 for ecosystem 
structure and function, whereas EBV classes related to biodiversity have 
seen little to no growth (part a of the figure, right panel).

Strong geographical biases are also evident, with most remote 
sensing studies of EBVs having focused on Brazil (mainly the 
Cerrado, the Atlantic Forest and the Amazon). Conversely, most 
of tropical Africa remains poorly studied in this context (part b 
of the figure). As in many other fields of biodiversity science, the 
locations of study and the locations where the authors are based 
differ; in this case, research on tropical ecosystems is conducted 
primarily by researchers based in the USA, UK, Brazil, China and 
India (Supplementary Fig. 1). These disparities highlight persistent 
gaps in both observational coverage and scientific capacity that 
continue to shape what can currently be inferred about tropical 
forest resilience via remote sensing.
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Three major methodological families have been used to deter-
mine plant taxonomic diversity levels using remote sensing: spectral 
diversity approaches that cluster spectra or compute heterogeneity 
indices; direct classification methods using random forest, support 
vector machine and convolutional neural networks for species assign-
ment; and trait-based spectranomics approaches linking biochemi-
cal and biophysical traits to diversity44. However, scaling taxonomic 
monitoring remains challenging because trait–spectrum relationships 
vary across environments, training inventories are limited in tropical 
regions, and multilayer canopies obscure understorey species, where 
much tropical diversity and regeneration occur45. Emerging satellite 
missions and improved modelling pipelines nevertheless position 
remote sensing to deliver operational and repeatable taxonomic 
diversity maps at regional to continental scales.

Functional diversity and redundancy
Functional traits — the physiological, phenological, morphological, 
chemical, and structural characteristics of organisms46–49 — determine 
responses to drought, heat, pests and disturbance, thereby shaping both 

resistance (capacity to continue functioning with no change despite 
disturbance events) and recovery (how quickly function returns). Func-
tional diversity describes the range, distribution, and relative abundance 
of functional traits within communities, whereas functional redundancy 
reflects the extent to which multiple species share similar trait values. 
Both dimensions are central to ecosystem resilience: functional diver-
sity promotes complementarity and niche differentiation, whereas 
functional redundancy provides insurance by maintaining ecosystem 
processes when species decline or are lost50,51. Across tropical forests, 
high functional diversity combined with high functional redundancy has 
been associated with reduced biomass loss and faster recovery follow-
ing drought and El Niño events27. Mechanistically, functional diversity 
enables communities to exploit diverse resources and micro-niches, 
while functional diversity maintains ecosystem processes such as car-
bon sequestration, nutrient cycling and biomass accumulation during 
disturbance50,52. Functional diversity and functional redundancy are rel-
evant to the community composition and functional traits EBV classes, 
and they could be monitored as indicators related to several of the GBF 
targets (such as Target 2, restoring 30% of degraded ecosystems).

Pre-disturbance
baseline 

High-diversity forests
Low-diversity forests
Disturbance event

Functional diversity (FD): Sentinel-2 detects canopy traits
Taxonomic diversity: hyperspectral CHIME detects plant species
SIF (photosynthesis proxy): OCO-2/Sentinel-5P

Year
2008 2010 2012 2014 2016 2018 2020 2022

EB
V 

pr
ox

y 
(%

 o
f p

re
-d

is
tu

rb
an

ce
 b

as
el

in
e)

50

60

70

80

90

100

Drought El Niño Fires

High FD:
faster recovery

Low FD:
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erosion

Fig. 2 | Biodiversity facets tracked by remote sensing as predictors of 
tropical forest resilience. Stylized time series to illustrate how satellite-derived 
essential biodiversity variable (EBV) proxies could differ between high-diversity 
(solid lines) and low-diversity (dotted lines) tropical forests in response to 
three successive disturbance events in the Amazon (vertical shaded columns): 
the 2010 drought10,27, the 2015–2016 El Niño event128,152 and the 2019–2020 fire 
season144,145. Functional diversity (FD; red lines) can be derived from Sentinel-2 
canopy trait mapping following the pixel-level community-weighted mean 
trait method55, capturing morphological, structural and chemical functional 
traits linked to drought tolerance, hydraulic strategy and post-disturbance 
recovery capacity. Taxonomic diversity (blue lines) can be approximated 
from airborne and uncrewed aerial vehicle hyperspectral imagery using the 

spectral species concept and spectranomics framework32,40, whereby spectral 
heterogeneity serves as a proxy for species turnover and compositional diversity. 
Sun-induced fluorescence (SIF; yellow lines) can be derived from OCO-2 and 
Sentinel-5P observations as a proxy for gross primary productivity and canopy 
photosynthetic capacity127,152. Double-headed arrows highlight the growing 
divergence in recovery rates between high-diversity and low-diversity forests 
following each event, illustrating the biodiversity insurance effect whereby 
higher functional diversity and functional redundancy buffer against disturbance 
and accelerate recovery27,52. The progressive failure of low-diversity forests to 
return to pre-disturbance baselines across successive events is consistent with 
cumulative resilience erosion under intensifying global change128,157.  
CHIME, Copernicus Hyperspectral Imaging Mission for the Environment.
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Advances in passive and active remote sensing now allow estima-
tion of functional diversity and functional redundancy at operational 
scales. Imaging spectroscopy captures canopy traits linked to bio-
chemistry (including nitrogen, phosphorus and pigments), structure 
(specific leaf area) and phenology; LiDAR provides 3D vegetation struc-
ture, including canopy height, foliage distribution and gap fraction, 
which relate to structural traits and above-ground biomass proxies53. 
Their fusion allows derivation of community-level trait distributions 
used to compute functional diversity and functional redundancy, 
validated across tropical and temperate forests54. At larger scales, 
Sentinel-2 and other multispectral sensors estimate canopy traits 
and functional diversity using field trait databases55, and spaceborne 
LiDAR (GEDI, ICESat-2) improves structural trait retrieval and enhances 
trait–diversity mapping when combined with spectral data15,56. Emerg-
ing missions such as ESA’s Copernicus Hyperspectral Imaging Mission 
for the Environment (CHIME), combined with spaceborne LiDAR, are 
expected to improve retrieval of biochemical and structural traits, 
and to enable routine functional diversity and functional redundancy 
monitoring.

It is expected that greater diversity and redundancy levels increase 
ecosystem resilience because functionally diverse and redundant 
communities are more likely to maintain ecosystem processes under 
environmental change, disturbance or species loss through mecha-
nisms such as complementarity, redundancy and insurance effects57. 
Therefore, temporal dynamics in trait composition, including shifts 
in functionally redundant groups detected from repeat hyperspec-
tral data, can reveal declining ecosystem insurance before structural 
degradation becomes visible. Key challenges remain, including 
context-dependent trait–reflectance relationships, uncertainty propa-
gation into diversity metrics, and the need for species identity and 
abundance data to robustly estimate redundancy. Practical workflows 
combining field networks, airborne campaigns, satellite time series 
and uncertainty-explicit validation will remain essential for delivering 
robust, policy-relevant functional diversity and functional redundancy 
predictions that can detect functional erosion and declining resilience 
capacity before forests cross critical thresholds.

Phylogenetic diversity
Phylogenetic diversity quantifies evolutionary breadth by summing 
branch lengths among co-occurring species58. Phylogenetic diver-
sity captures deep evolutionary differences that correspond to vari-
ation in ecological strategies and functional traits that can influence 
resilience59,60. Communities with high phylogenetic diversity com-
prise distantly related lineages that exploit complementary niches, 
thereby enhancing ecosystem stability and resilience through niche 
complementarity61. Because many traits that influence drought toler-
ance, defence and demographic performance, such as wood density, 
hydraulic architecture, leaf morphology and defence chemistry, are 
phylogenetically conserved62–64, phylogenetic diversity reflects the 
range of strategies available to buffer climate extremes and disturbance 
impacts and hence could be associated with higher forest resilience. 
These traits underpin key ecosystem processes, including decom-
position, nutrient cycling, carbon sequestration65,66 and population 
dynamics59. Consequently, phylogenetic diversity often predicts eco-
system productivity and stability more effectively than species richness 
alone67,68 and can be used to quantify potential ecosystem resilience.

Remote sensing enables scalable estimation of phylogenetic diver-
sity by linking evolutionary relationships to observable spectral and 
structural signals. Imaging spectroscopy captures leaf chemistry, 

phenology and structural traits with strong phylogenetic signal, 
allowing spectral similarity to approximate evolutionary relatedness 
across taxa69,70. LiDAR provides complementary 3D structural traits, 
tree height, crown geometry and vertical foliage profiles, which also 
reflect phylogenetic conservatism in growth forms and architectural 
strategies71. Integrating spectroscopy and LiDAR can improve the 
discrimination of taxa and evolutionary lineages and enables mapping 
of phylogenetically structured β-diversity72,73. However, phylogenetic 
diversity retrieval remains challenging owing to spectral convergence 
among unrelated taxa, phenological and illumination effects, mixed 
pixels, and incomplete phylogenetic and field datasets. Emerging 
missions such as ESA’s CHIME and advanced spaceborne LiDAR might 
facilitate integrating spectral–structural approaches that can enable 
global-scale phylogenetic diversity mapping. This can aid in revealing 
evolutionary patterns in β-diversity73 that are directly relevant to 
assessments of community reorganization under climate change.

Genetic diversity
Genetic diversity — heritable variation within populations — under-
pins adaptive capacity, the ability of populations to persist and evolve 
under disturbances associated with warming, altered rainfall, pests and 
pathogens74,75. It affects resilience across scales: reducing extinction 
risk and inbreeding depression at the population level76; stabilizing 
competitive interactions and reducing invasibility at the community 
level77–79; and influencing productivity, nutrient cycling and recovery at 
the ecosystem level when dominant or keystone species harbour sub-
stantial genetic variation80–82. Genetic diversity is typically quantified 
through allelic richness, heterozygosity and effective population size83. 
Anthropogenic disturbances rapidly erode genetic diversity through 
population size reductions, disrupted reproduction and allele loss84, 
with allelic richness being particularly sensitive to disturbance85,86. 
Adaptive genetic variation, revealed through genotype–environment 
associations, captures fitness-related genetic differences across 
gradients87,88, whereas neutral diversity reflects demographic history 
and gene flow rather than adaptive capacity89.

Despite its central importance for resilience and growing evidence 
of widespread decline across taxa90, genetic diversity remains under-
represented in biodiversity monitoring and conservation efforts91. 
Similarly, mapping genetic diversity with remote sensing remains 
far less developed than taxonomic or functional monitoring (Box 1). 
Empirical links between spectra and within-species genetic variation 
are limited and mostly from temperate forests92–94; we are unaware of 
published examples from tropical regions. Airborne and field spec-
tra have predicted genetic differentiation in Quercus69 and genetic 
diversity in Fagus sylvatica95,96. Spectral reflectance has been linked 
to gene expression related to temperature and drought stress, pest 
and pathogen interactions, and plant defence92,97. Spectral reflectance 
captures variation in plant physiological status, including chlorophyll 
concentration, leaf water content and photosynthetic activity, traits 
that are influenced by both genetic variation and environmental stress-
ors such as drought, disturbance and nutrient limitation98. However, 
these relationships are largely established at fine scales and are diffi-
cult to transfer to satellite observations owing to canopy mixing and 
dominant community-level signals97.

Remote sensing cannot yet directly measure genetic diversity; 
instead, genetic diversity must be inferred through trait-mediated 
pathways or integrated with genomic data. Emerging approaches 
combining landscape genomics with hyperspectral and LiDAR data 
offer promise for linking genetic variation to environmental gradients 
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and disturbance regimes99. In parallel, optical remote sensing provides 
information on fragmentation, connectivity and isolation100, helping 
to identify populations with reduced gene flow or adaptive capacity. 
Together, these advances point toward an integrated framework for 
assessing genetic resilience in forest landscapes under global change. 
Future progress will rely on integrative workflows combining landscape 
genomics, hyperspectral imaging, terrestrial and airborne LiDAR, and 
models capable of scaling leaf-level and crown-level genetic signals to 
broader landscapes99.

Methodological advances and sensor limitations
As we have discussed in the prior sections, current limitations in bio-
diversity monitoring largely reflect gaps in observability rather than 
analytical capability. Although ecosystem structure and function 
EBVs are now routinely derived from satellite observations, species, 
trait, and genetic-related EBVs remain only partially observable, and 

phylogenetic dimensions are still largely inferred. These differences 
in observability directly constrain the ability to quantify resilience 
processes, including resistance to disturbance, recovery trajectories 
and long-term compositional reorganization (Fig. 3). Understanding 
the capabilities and limitations of these tools is fundamental to evalu-
ate how effectively remote sensing can detect and track climate-driven 
changes in forest ecosystems.

Constraints on species, trait and compositional EBVs
Compared with the ecosystem structure and ecosystem function EBV 
classes, the EBVs related to species (species traits, species popula-
tions, genetic composition) and community composition remain the 
most constrained in terms of observability. In species-rich tropical 
forests, multispectral sensors lack the spectral resolution to separate 
co-occurring taxa with similar reflectance signatures, whereas spatial 
resolution limits the detection of individual crowns, particularly in 

Sensor limitations constrain biodiversity observability Advances in active and passive sensors
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Fig. 3 | Sensor limitations and advances for tropical forest EBV monitoring. 
Current sensor constraints, insufficient spectral and spatial resolution, and the 
absence of operational spaceborne hyperspectral coverage limit observability of 
compositional and trait-based essential biodiversity variables (EBVs), restricting 
detection of species turnover, functional diversity and early-warning signals of 

resilience decline. Active sensors — radar and light detection and ranging (LiDAR) —  
provide comparatively robust structural EBVs, enabling quantification of 
disturbance severity and recovery trajectories, although spatial coverage gaps 
persist. GEDI, Global Ecosystem Dynamics Investigation; ISS, International Space 
Station; SAR, synthetic aperture radar.
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mid-storey and understorey layers. Consequently, species mapping is 
largely restricted to dominant upper-canopy trees, using object-based 
or crown delineation approaches, which limits robust estimation of 
species turnover and compositional heterogeneity — key indicators 
of resilience loss and ecosystem reorganization33,34,101.

Similarly, trait-based EBVs from satellite observations remain 
largely indirect. Although airborne imaging spectroscopy has dem-
onstrated strong potential for retrieving biochemical and physio-
logical traits, the absence of operational spaceborne hyperspectral 
coverage limits direct scaling of these approaches55,102–104. As a result, 
functional diversity (calculated with species traits) and adaptive 
capacity, which can be potentially quantified via genetic diversity, 
are often inferred rather than directly observed, constraining early 
detection of functional homogenization and erosion of drought- or 
disturbance-adaptive trait diversity.

Advances in structural EBVs from active sensing
By contrast, ecosystem structure EBVs (canopy structure and biomass) 
can be observed more readily owing to advances in active remote sens-
ing. Radar systems provide consistent, large-scale estimates of canopy 
structure and biomass, enabling monitoring of disturbance severity 
and recovery dynamics as proxies of resilience. L-band systems offer 
improved canopy penetration in dense forests and reduced satura-
tion effects compared with C-band systems105,106, and the long-term  
Sentinel-1 archive enables multitemporal monitoring of degradation, 
disturbance frequency and recovery trajectories107. Multitemporal radar 
approaches have further improved structural retrievals, in some cases 
achieving performance comparable to L-band systems in savanna and 
open-canopy systems108,109. However, saturation in high-biomass forests 
and biome-dependent performance remain persistent constraints.

Spaceborne LiDAR provides the most direct measurements of 
structural EBVs, including canopy height, vertical complexity and 
terrain, which are strongly linked to forest resistance and recovery 

potential110–113. The GEDI mission has advanced global structural moni-
toring by providing near-global sampling of canopy height and 
above-ground biomass21,22, but its discrete footprint limits represen-
tation of fine-scale spatial heterogeneity and localized disturbance 
effects (Fig. 4). Planned missions such as JAXA’s ( Japan Aerospace 
Exploration Agency) MOLI114,115 and NASA’s (National Aeronautics and 
Space Administration) EDGE swath LiDAR116,117 are expected to improve 
spatial continuity and sampling density, enabling more complete 
characterization of structural dynamics.

Emerging hyperspectral–LiDAR integration and 
next-generation missions
Methodological advances in the past 10 years have increasingly focused 
on spectral–structural data fusion to improve inference of biodiversity 
across EBVs. Integrating imaging spectroscopy and LiDAR reduces 
ambiguity in trait–structure relationships and improves discrimination 
of vegetation composition and function across scales.

This capability will expand substantially with upcoming satellite 
missions (Table 2). CHIME (~2028) will provide global hyperspectral 
observations enabling improved retrieval of vegetation traits, func-
tional diversity and physiological stress indicators, strengthening the 
species traits, community composition and ecosystem functioning 
EBVs. The ESA BIOMASS mission (2026), operating in P-band radar, 
will deliver unprecedented estimates of woody biomass and forest 
structure in dense tropical forests, improving structural EBVs linked 
to disturbance impacts and recovery processes105,118. The NASA–ISRO 
NISAR mission (2025) provides systematic L-band SAR observations for 
monitoring forest degradation, canopy water dynamics and recovery 
trajectories across biomes119.

Together, these emerging capabilities mark a transition from 
largely inferential biodiversity monitoring toward more direct, mul-
tidimensional observation of EBVs. Structural EBVs are already opera-
tional at scale, and functional, compositional and species-related 
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Fig. 4 | Comparison of above-ground biomass density estimates across tropical 
forests. a, Mean above-ground biomass (AGB) density derived from Global 
Ecosystem Dynamics Investigation (GEDI) spaceborne LiDAR observations at 25-m 
spatial resolution, revealing fine-scale spatial variability in forest structure. b, AGB 

density from the NASA ORNL global biomass dataset for the year 2010 at 300-m 
spatial resolution, illustrating the effects of coarser spatial resolution on biomass 
representation. GEDI biomass data from https://ceos.org/gst/GEDI-biomass.html 
and NASA ORNL biomass data from https://www.earthdata.nasa.gov/.
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EBVs are becoming increasingly observable through hyperspectral 
imaging, radar and LiDAR integration. However, persistent challenges 
remain, including spectral convergence among taxa104, mixed-pixel 
effects in complex canopies, phenological variability and incomplete 
ground-truth datasets120–122. Addressing these constraints through inte-
grated field–airborne–satellite frameworks will be essential for deliv-
ering robust, operational monitoring of forest resilience (or proxies  
thereof) under global change.

From resilience to ecosystem health
Ecosystem health is best understood as an emergent property of for-
est resilience rather than a separate concept: healthy forests are those 
that retain the biodiversity configurations — taxonomic, functional, 
phylogenetic and genetic diversity — that collectively enable resist-
ance, recovery and reorganization under global change50,123,124. In this 
framing, ecosystem health does not precede resilience but emerges 
from it; a forest is healthy to the extent that its biodiversity underpins 
continued functioning, productivity, and nature’s contributions to 
people, across disturbance events or cycles. Declines in one or more 
biodiversity facets, detectable through EBVs before major structural 
losses occur, therefore signal deteriorating ecosystem health, not 
merely compositional change50,52,125,126.

Remote sensing operationalizes this integrated view of ecosys-
tem health by enabling simultaneous tracking of the structural, func-
tional and compositional EBVs through which resilience, and thus 
ecosystem health, is expressed. For instance, LiDAR and radar-derived 
structural EBVs capture physical organization and biomass recovery 
capacity21,22, whereas optical and SIF-based functional EBVs reflect 
photosynthetic performance and stress responses42. Spectral diversity, 
trait-based models based on spectral reflectance, and sensor fusion can 
also be used to approximate taxonomic and functional diversity and 
redundancy facets69,70. Importantly, ecosystem health arises from the 
combined interpretation of these signals, with sustained productiv-
ity without functional diversity, or intact canopy structure without 
compositional recovery, being insufficient indicators of a resilient 
system. Multiscale remote sensing, integrating satellite time series 

with airborne and UAV calibration, therefore provides a powerful way to 
identify the health of tropical forests. We are now able to quantify bio-
diversity, functioning and overall health of forests in great detail, which 
allows us to understand and predict their capacity to persist, adapt 
and continue contributing to people’s livelihoods under accelerating 
global environmental change.

Summary and future directions
This Review has synthesized how satellite and airborne remote sens-
ing of biodiversity facets and EBVs can advance understanding of 
tropical forest resilience under global environmental change. Remote 
sensing is an effective tool for monitoring ecosystem structure and 
function, quantifying resistance, recovery and reorganization through 
structural EBVs derived from LiDAR and radar21,22, and functional 
EBVs from optical, SIF and microwave observations127,128. Progress 
in observing compositional EBVs — taxonomic, functional, phyloge-
netic and genetic diversity — has been more uneven, with functional 
diversity now measurable at pantropical scales through Sentinel-2 
trait mapping53,55, but taxonomic richness, phylogenetic diversity and 
genetic composition remaining only partially or indirectly observ-
able from space69,92,97. Together, these facets underpin an integrated 
view of tropical forest ecosystem health as an emergent property 
of resilience: forests that retain high and diverse configurations of 
biodiversity across multiple EBV dimensions are better positioned 
to resist disturbance, recover rapidly and adapt to new conditions, 
sustaining their structure, function and nature’s contributions to 
people over the long term27,50,129.

A central unresolved challenge is whether remote sensing can reli-
ably estimate the number of species in a tropical forest area and their 
functional composition at operationally relevant scales. Individual tree 
crown delineation and species assignment have been demonstrated 
locally using fused hyperspectral and LiDAR data38,41,130, but scaling 
these approaches to the extraordinary species richness of Amazonian, 
Congolian or Southeast Asian forests demands large, georeferenced, 
crown-matched species inventories, which remain scarce outside a 
handful of well-studied regions. Closing this gap requires systematic 
expansion of permanent plot networks and taxonomic inventories 
across undersampled regions, including the Congo Basin, the Guiana 
Shield, and Southeast Asian dipterocarp forests, through initiatives 
such as GEO-TREES (www.geo-trees.org) and ForestPlots (www.forest-
plots.net), combined with UAV-borne hyperspectral acquisitions to 
build the training libraries that species mapping pipelines require37,131. 
Importantly, this work cannot succeed without deep and equitable 
collaboration with local scientists, forest managers and communi-
ties who hold irreplaceable knowledge of species identities, forest 
histories and site conditions. Botanists and taxonomists working in 
tropical countries are the indispensable partners for ground-truthing 
remote sensing models, and their systematic under-representation in 
global EBV research (Supplementary Fig. 1) must be actively reversed 
if monitoring frameworks are to be globally credible and locally  
meaningful.

Operationalizing functional diversity EBVs at the scales needed 
to track resilience change requires closing the gap between field trait 
measurements and spaceborne retrievals. The imminent launch of 
ESA’s CHIME mission (~2028) will potentially enable the retrieval 
of leaf nitrogen, phosphorus, chlorophyll, water content and leaf 
mass per area across the full visible to shortwave infrared domain, 
traits that determine drought tolerance, hydraulic strategy, and 
post-disturbance recovery capacity27,132,133. Realizing this potential 

Table 2 | Ongoing and upcoming satellite missions with 
enhanced capabilities for observing tropical forest 
characteristics relevant to the development of essential 
biodiversity variables

Lead 
agency

Name Sensor Application Launch 
year

NASA–ISRO NISAR L-band 
SAR

Degradation, disturbance 
regimes, canopy water 
dynamics, recovery

2025

ESA —  
Copernicus

BIOMASS P-band 
SAR

Woody biomass and forest 
structure

2026

JAXA MOLI LiDAR Forest structure 2027
ESA —  
Copernicus

CHIME Hyper
spectral

Plant traits, functional 
diversity, taxonomic diversity, 
physiological stress indicator

2028

NASA EDGE Swath- 
imaging 
LiDAR

Forest structure 2030

CHIME, Copernicus Hyperspectral Imaging Mission for the Environment; EDGE, Ecosystem 
Dynamics and Geohazards Explorer; ESA, European Space Agency; JAXA, Japan Aerospace 
Exploration Agency; LiDAR, light detection and ranging; MOLI, Multi-footprint Observation 
Lidar and Imager; NASA, National Aeronautics and Space Administration; NISAR, NASA–ISRO 
synthetic aperture radar; SAR, synthetic aperture radar.
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will require coordinated hyperspectral and field campaigns across 
all three major tropical forest regions, explicitly designed to build 
trait–spectra calibration datasets that span the full gradients of cli-
mate, soil, and disturbance history. Integration of CHIME with GEDI, 
NISAR and the forthcoming MOLI and EDGE LiDAR missions114–117 will 
allow simultaneous retrieval of chemical, structural and architec-
tural traits, enabling functional diversity indices to be updated annu-
ally across disturbance chronosequences and detecting functional 
homogenization as an early warning of declining resilience27,51 before 
structural losses become apparent.

Phylogenetic and genetic EBVs remain the largest challenge for 
remote sensing-based resilience monitoring. Phylogenetic diversity 
is now approachable through spectral–phylogenetic frameworks 
exploiting the conservatism of biochemical and architectural traits 
across lineages69,70,134, and the combination of CHIME data with 
well-resolved molecular phylogenies, increasingly available through 
global initiatives such as Global Biodiversity Information Facility 
(GBIF)-linked phylogenomic databases, offers a realistic pathway 
to operational phylogenetic diversity mapping within this decade. 
For genetic diversity, the most actionable advance lies in integrating 
landscape genomics datasets, allelic richness, heterozygosity and 
genotype-environment associations for widespread tropical tree 
species74,75,92,97, with high-resolution spectral and structural remote 
sensing, to test whether spectrally detectable trait variation can serve 
as a scalable proxy for adaptive genetic diversity and long-term popu-
lation viability under climate change99. Again, these efforts are entirely 
dependent on primary field data collected with and by local research 
teams, whose capacity to conduct repeated sampling across frag-
mentation and disturbance gradients must be supported through 
sustained, long-term research partnerships rather than extractive 
data collection models.

Translating EBV-based resilience monitoring into policy action 
under the GBF requires both standardization and equity. The cur-
rent geographical concentration of EBV research leaves the Congo 
Basin, Southeast Asian insular forests, and West and Central Africa 
profoundly underrepresented in global resilience assessments, pre-
cisely the regions where biodiversity and data gaps are largest (Box 1). 
Standardized EBV reporting pipelines, combining Sentinel-2 functional 
diversity products55, GEDI structural metrics21,22 and national forest 
inventory data through open-access platforms, should be developed 
explicitly for GBF indicator reporting under Targets 1, 2, 4 and 1513,16. 
The next 5 to 10 years offer a genuinely transformative window with the 
convergence of next-generation spaceborne sensors, expanding field 
networks built in partnership with tropical country institutions, and 
growing political urgency around biodiversity loss. This creates the 
conditions under which operationalizing EBVs as real-time indicators 
of tropical forest resilience and ecosystem health for the GBF is not 
only possible, but necessary.

Published online: xx xx xxxx

References
1.	 Wright, S. J. The future of tropical forests. Ann. N. Y. Acad. Sci. 1195, 1–27 (2010).
2.	 Gatti, R. C. et al. The number of tree species on Earth. Proc. Natl Acad. Sci. USA 119, 

e2115329119 (2022).
3.	 Díaz, S. et al. Assessing nature’s contributions to people. Science 359, 270–272  

(2018).
4.	 Steffen, W. et al. Planetary boundaries: guiding human development on a changing 

planet. Science 347, 1259855–1259855 (2015).
5.	 Rockström, J. et al. A safe operating space for humanity. Nature 461, 472–475 (2009).
6.	 Guz, J. & Kulakowski, D. Forests in the Anthropocene. Ann. Am. Assoc. Geogr. 111, 

869–879 (2020).

7.	 Randhir, T. O. & Erol, A. Emerging threats to forests: resilience and strategies at system 
scale. Am. J. Plant Sci. 04, 739–748 (2013).

8.	 Deutsch, C. A. et al. Impacts of climate warming on terrestrial ectotherms across 
latitude. Proc. Natl Acad. Sci. USA 105, 6668–6672 (2008).
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