
Divergent Land and Ocean Biome Trajectories in a Warming 1 

World 2 

Debashis Paul1, Eun-Jin Park2, Eun Young Kwon1,2, Sharif Jahfer1, Sahil Sharma1, Mohanan 3 
Geethalekshmi Sreeush34 

1Center for Climate Physics, Institute for Basic Science (IBS), Busan, Republic of Korea 5 
2School of Carbon Neutrality and Climate Change, Pusan National University, Busan, Republic of Korea 6 
3Alfred‐Wegener‐Institut, Helmholtz‐Zentrum für Polar‐ und Meeresforschung, Bremerhaven, Germany 7 

Correspondence to: Eun Young Kwon (ekwon957@gmail.com) 8 

Abstract. Global biomes, shaped by climate, have long provided a unifying framework for understanding climate 9 
change and its impacts on ecosystems and biogeochemical cycles. Using Earth system model projections under 10 
continued greenhouse gas emissions, we evaluate global biome redistributions from the present to the year 2300. On 11 
land, biomes generally migrate poleward and eastward, whereas in the ocean they exhibit pronounced hemispheric 12 
asymmetry, with increasing oligotrophication in the Northern Hemisphere and eutrophication in the Southern Ocean. 13 
Terrestrial desert areas are projected to expand moderately, increasing from ~15% to ~20% of the global land 14 
surface between 2000 and 2300, with the rate of expansion scaling approximately linearly with global mean 15 
warming. In contrast, the simulated extent of oligotrophic ocean regions remains nearly unchanged during the 21st 16 
century, after which expansion accelerates, reaching up to 18% of the global ocean by 2300. This nonlinearity arises 17 
from phytoplankton’s adaptive strategies under nutrient stress—such as atmospheric nitrogen fixation and flexible 18 
nutrient uptake ratios—which delay the onset of widespread phosphate limitation. The expansion of terrestrial 19 
deserts, and the associated increase in atmospheric iron deposition, further delays the emergence of 20 
oligotrophication in some downwind regions. Whereas projections of terrestrial biome changes are broadly 21 
consistent across Earth system models, ocean biome projections remain highly divergent, underscoring the critical 22 
role of poorly constrained biological processes in shaping marine biogeography and global food security. 23 

1 Introduction 24 

The global distribution of biomes—defined as large-scale ecological regions characterized by distinct climate regimes, 25 

dominant life forms, and ecosystem functioning—is a fundamental organizing feature of the Earth system. 26 

Anthropogenic climate change and associated environmental pressures are already reshaping terrestrial and ocean 27 

biomes, altering the geographic viability of agriculture, fisheries, and biodiversity, with profound implications for 28 

food security and regional economies (Walther et al., 2002; Berg et al., 2013; Scheffers et al., 2016). Rapid biome 29 

redistribution in recent decades has contributed to local and global species losses, and extinction risks are projected to 30 

increase substantially under continued warming (Urban, 2015; Thomas et al., 2004; Penn and Deutsch, 2022). Beyond 31 

biodiversity impacts, shifts in biome boundaries modify ecosystem capacities to store carbon, retain water, and recycle 32 

nutrients, thereby influencing global hydrological and biogeochemical cycles and feeding back onto climate (Fung et 33 

al., 2005). Constraining the trajectory of future biome redistribution is therefore central to understanding long-term 34 

Earth system stability and its capacity to sustain human and ecological systems. 35 

Biomes are tightly coupled to climate and have long served as integrative indicators of climatic regimes and 36 

their changes (Köppen, 1884; Beck et al., 2023; Geiger, 1954; Fay and Mckinley, 2014; Kaplan et al., 2003; Reid et 37 

al., 1978; Palmiéri et al., 2019). On land, vegetation types are strongly controlled by the seasonal evolution of 38 
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temperature and water availability, shaped by large scale water–energy balance and atmospheric circulation. This 39 

close linkage underpins widely used classification systems such as Köppen’s climate zones (Beck et al., 2023; Köppen, 40 

1884; Peel et al., 2007), which relate distinct climate regimes to spatial patterns of terrestrial vegetation. In the ocean, 41 

biogeographic provinces are commonly defined using observable variables such as chlorophyll concentration, sea 42 

surface temperature, sea-ice cover, and seasonal mixed-layer depth (Fay and Mckinley, 2014; Longhurst, 2007; 43 

Palmiéri et al., 2019; Oliver and Irwin, 2008). Because surface chlorophyll and the associated export of organic matter 44 

(marine snow) are largely regulated by nutrient supply to the euphotic layer, ocean biomes depend critically on more 45 

slowly varying ocean circulation and upper ocean stratification, which are themselves driven by surface winds and 46 

air–sea exchanges of heat and freshwater.  47 

At regional scales, ocean biome responses to climate change are shaped by multiple interacting physical and 48 

biological feedbacks. In high-nutrient, low-chlorophyll (HNLC) regions and coastal oceans, terrestrial nutrient 49 

inputs—via aeolian dust deposition and riverine or groundwater transport—can further influence regional ocean 50 

biomes and their variability, highlighting cross-domain coupling between land and ocean systems (Weis et al., 2024; 51 

Cho et al., 2018; Mayorga et al., 2010). In oligotrophic regions characterized by severe nutrient depletion, biological 52 

feedbacks—such as efficient nutrient recycling, atmospheric N₂ fixation, and flexible cellular nutrient stoichiometry—53 

can buffer biome responses to climate forcing (Kwon et al., 2022; Tanioka and Matsumoto, 2017; Martiny et al., 2022; 54 

Galbraith and Martiny, 2015; Bopp et al., 2022; Sreeush et al., 2024). Together, these processes indicate that, although 55 

both terrestrial and ocean biomes are climate-sensitive, the dominant mechanisms and timescales governing their 56 

responses to climate change differ.  57 

Over the past century, observations reveal widespread poleward and upslope shifts of terrestrial vegetation 58 

zones, contraction of cold-adapted ecosystems, and expansion of warm-adapted biomes (Beck et al., 2023; Mahlstein 59 

et al., 2013; Kelly and Goulden, 2008; Walther et al., 2002; Loarie et al., 2009; Lohmann et al., 1993). For example, 60 

high-latitude and alpine ecotones have exhibited shrub expansion and tree-line advance into tundra regions (Harsch et 61 

al., 2009), as well as upward migration of mountain plant communities (Lenoir et al., 2008). Observations and models 62 

also indicate broad trends toward expanding drylands and intensifying drought, driven by rising temperatures and 63 

altered hydrological cycles (Feng and Fu, 2013; Huang et al., 2016). These changes are generally captured by Earth 64 

system model projections, which show consistent poleward migration and desert expansion under 21st-century 65 

warming (Beck et al., 2023; Mahlstein et al., 2013; Lohmann et al., 1993). Mechanistic studies attribute subtropical 66 

dry-belt expansion and regional aridification to enhanced atmospheric water demand and circulation shifts under 67 

anthropogenic warming (Seager et al., 2014; Held and Soden, 2006).  68 

Parallel changes are occurring in the ocean. Marine species are shifting poleward and to greater depths, often 69 

at rates exceeding terrestrial shifts due to fewer dispersal barriers (Burrows et al., 2011; Loarie et al., 2009). Basin-70 

scale plankton assemblages have been reorganized in response to ocean warming, including northward displacement 71 

of North Atlantic zooplankton communities and tropicalization of temperate reefs (Beaugrand et al., 2002; Vergés et 72 

al., 2014). Satellite records further suggest an expansion of oligotrophic subtropical gyres and shifts in phytoplankton 73 

biomass under recent warming, although the relatively short observational record limits robust attribution of these 74 

2

https://doi.org/10.5194/egusphere-2026-1920
Preprint. Discussion started: 18 May 2026
c© Author(s) 2026. CC BY 4.0 License.



 

 

changes (Polovina et al., 2008; Irwin and Oliver, 2009; Leonelli et al., 2022; Boyce et al., 2010). Modeling studies 75 

likewise project substantial climate-driven changes in plankton assemblages and biodiversity during the 21st century 76 

(Benedetti et al., 2021; Henson et al., 2021; Thomas et al., 2012). While there is broad consensus on warming-driven 77 

redistribution, projections of future net primary productivity—an essential source of energy for marine ecosystems—78 

exhibit substantial inter-model spread (Bopp et al., 2013; Kwon et al., 2022; Palmiéri et al., 2019; Laufkötter et al., 79 

2015), with divergence increasing over time (Rodgers et al., 2024). This reflects substantial uncertainties in biological 80 

processes and nutrient cycling that strongly influence long-term projections of ocean biome change.  81 

Most existing studies of biome distributions focus on the 21st century, despite the fact that key physical and 82 

biological drivers operate on timescales ranging from decades to centuries. Excess heat and carbon stored in the 83 

atmosphere and ocean commit the climate system to persistent changes well beyond 2100. Multi-centennial 84 

projections indicate continued warming, altered hydrological cycles, strengthened stratification, and long-term 85 

circulation changes that may unfold over centuries rather than decades, largely independent of near-term emission 86 

pathways (Lee et al., 2025; Randerson et al., 2015; Koven et al., 2022; Sharma et al., 2025; Kug et al., 2022; Peng et 87 

al., 2024). Such sustained forcing may therefore trigger nonlinear, threshold-like, or delayed biome reorganizations—88 

particularly in the ocean, where biological adaptation and feedbacks may initially buffer but ultimately amplify 89 

structural change. Despite this, a unified and systematic assessment of terrestrial and marine biome evolution beyond 90 

the 21st century remains lacking. 91 

Here, we investigate multi-centennial changes in the global distribution of major terrestrial and ocean biomes 92 

through the year 2300 using the Community Earth System Model version 2 (CESM2) simulations (Lee et al., 2025), 93 

forced by extended Shared Socioeconomic Pathways (SSP) 3-7.0 scenario (Meinshausen et al., 2020). Under this 94 

medium–high emission pathway, atmospheric CO₂ rises to ~1515 ppm by 2240—approximately coinciding with the 95 

point at which CO₂ emissions decline to zero—and remains elevated thereafter due to the slow uptake of carbon by 96 

the ocean and land. This sustained forcing drives continued warming of ~4 °C by 2100 and approximately 10 °C above 97 

present-day levels by 2300 (Lee et al., 2025). By jointly analyzing terrestrial and marine biome distributions under 98 

prolonged forcing, we extend beyond conventional century-scale assessments to quantify the magnitude, pace, and 99 

spatial structure of biome redistribution across the Earth system. This multi-centennial perspective enables us to assess 100 

whether land and ocean biomes respond proportionally to warming or diverge structurally over time. Using a 10-101 

member ensemble with different initial conditions, we further examine cross-domain coupling between terrestrial and 102 

ocean biomes, with a focus on iron fertilization effects on surface chlorophyll driven by internal variability. Finally, 103 

we evaluate the degree of agreement and divergence among Earth system model projections, providing new insights 104 

into the robustness and uncertainties of long-term biogeographic responses to sustained greenhouse forcing. 105 

2 Materials and Methods 106 

2.1 Terrestrial biome classifications  107 

We employ the Köppen-Geiger climate classification as modified by Peel et al. (2007) and Beck et al. (2023). For 108 

simplicity, we restrict the analysis to the first- and second-level classifications, thereby focusing on broader-scale 109 

3

https://doi.org/10.5194/egusphere-2026-1920
Preprint. Discussion started: 18 May 2026
c© Author(s) 2026. CC BY 4.0 License.



 

 

climate zones and yielding a total of 15 classes (Table 1). Throughout this study, the terms “climate zones” and 110 

“biomes” are used interchangeably. Terrestrial climates are categorized into five primary groups - arid (B), tropical 111 

(A), temperate (C), cold (D), and polar (E) - based on mean annual precipitation and surface air temperatures during 112 

the hottest and coldest months.  113 

The arid climate zone is identified first, when mean annual precipitation (MAP; mm/year) is lower than a 114 

temperature-dependent threshold: 115 

MAP <  10	 ×	𝑃!"#$%"&'(, 116 

where,  117 

𝑃!"#$%"&'( =	 '
2	 × 	MAT, if	more	than	70%	of	precipitation	falls	in	winter,

2	 × 	MAT + 28, if	more	than	70%	of	precipitation	falls	in	summer,
2	 × 	MAT + 14,			otherwise.

 118 

Here, MAT denotes mean annual temperature in °C. In the Northern Hemisphere, summer is defined as April-119 

September, whereas in the Southern Hemisphere, it spans October-March. The empirically derived temperature 120 

dependence of the aridity threshold implicitly accounts for the strong sensitivity of atmospheric evaporative demand 121 

to temperature, which increases rapidly with warming (Held and Soden, 2006). A tropical climate is defined where 122 

the temperature of the coldest month (Tcold) exceeds 18 °C, whereas a polar climate is defined where the temperature 123 

of the hottest month (Thot) remains below 10 °C. Regions lying between these two regimes are classified as temperate 124 

when Tcold > 0 °C, and as cold when Tcold < 0 °C.  The temperate and cold climates broadly correspond to maritime 125 

and continental climates, respectively, reflecting the contrasting influence of oceanic and terrestrial heat capacity on 126 

winter air temperatures in downstream regions.  127 

Each main climate group is further subdivided based on precipitation seasonality and magnitude. Arid 128 

climates are subdivided into desert (MAP  < 5	 ×	𝑃!"#$%"&'() and steppe (MAP  ≥ 5	 ×	𝑃!"#$%"&'(). Tropical climates 129 

are subdivided into rainforest, monsoon, and savannah, based on precipitation in the driest month (𝑃(#); mm/month): 130 

rainforest (𝑃(#) 	≥ 60 mm/month), monsoon (𝑃(#) 	≥ 100 – MAP/25), and savannah (𝑃(#) < 100-MAP/25), where 131 

the classification into rainforest precedes over the ones into monsoon or savannah. Temperate and cold climates are 132 

subdivided into dry summer, dry winter, or wet (no dry season) regimes, depending on seasonal precipitation contrasts. 133 

A region is classified as dry summer when precipitation in the driest summer month (𝑃%(#); mm/month) satisfies the 134 

criteria of both 𝑃%(#) <	40 mm/month and 𝑃%(#) < 𝑃**$!/3, where 𝑃**$!	is precipitation in the wettest winter month 135 

in mm/month. A region is classified as dry winter when precipitation in the driest winter month (𝑃*(#)) satisfies the 136 

criterion of 𝑃*(#) < 𝑃%*$!/10, where 𝑃%*$!	is precipitation in the wettest summer month in mm/month. Regions that 137 

meet neither criterion are classified as having no dry season (i.e., wet).  138 

Finally, polar climates are subdivided into tundra, where the warmest month temperature exceeds 0 °C, and 139 

frost, where the warmest month temperature remains below 0 °C. The classification criteria are summarized in Table 140 

1.  141 

  142 

4

https://doi.org/10.5194/egusphere-2026-1920
Preprint. Discussion started: 18 May 2026
c© Author(s) 2026. CC BY 4.0 License.



 

 

Table 1 Classification of Terrestrial Biomes  143 

Land biomes 
(main groups) Criteria for main groupsa Land biomes (subgroups) Criteria for subgroupsa 

Tropical (A) Not (B) & Tcold ³ 18 

Rainforest (f) Pdry ³ 60 

Monsoon (m) 
Not (Af) & 

𝑃(#) 	≥ 100 – MAP/25 

Savannah (w) 
Not (Af) & 

𝑃(#) <	100 – MAP/25 

Arid (B) MAP  < 10	 ×	𝑃!"#$%"&'( 
Desert (W) MAP  < 5	 ×	𝑃!"#$%"&'( 

Steppe (S) MAP  ≥ 5	 ×	𝑃!"#$%"&'( 

Temperate (C) 
Not (B) & Thot>10 & 

0< Tcold < 18 

Dry summer (s) 
𝑃%(#) <	40 & 

𝑃%(#) < 𝑃**$!/3 

Dry winter (w) 𝑃*(#) < 𝑃%*$!/10 

Wet (f) Not Cs or Cw 

Cold (D) 
Not (B) & Thot>10 & 

Tcold £ 0 

Dry summer (s) 
𝑃%(#) <	40 & 

𝑃%(#) < 𝑃**$!/3 

Dry winter (w) 𝑃*(#) < 𝑃%*$!/10 

Wet (f) Not Ds or Dw 

Polar (E) Not (B) & Thot £ 10 
Tundra (T) Thot > 0 

Frost (F) Thot £ 0 
aFor units and descriptions, we refer readers to the text or Beck et al. (2023). 144 

2.2 Ocean biome classifications  145 

Ocean biomes are defined using the annual maximum surface chlorophyll concentration and the annual maximum 146 

mixed-layer depth, following the framework of Palmiéri et al. (2019). As a modification to that framework, we 147 

additionally include a sea-ice biome, defined by the annual minimum sea-ice fraction exceeding 0.5 (Fay and Mckinley, 148 

2014). This approach categorizes the global ocean surface into seven biomes, with a primary focus on the distribution 149 

of open-ocean phytoplankton functional groups that form the foundation of marine ecosystems. After identifying the 150 

sea-ice biome, the remaining ocean surface is grouped into oligotrophic, submesotrophic, mesotrophic, and eutrophic 151 

biomes, ordered by increasing annual maximum surface chlorophyll concentration (Chl; mg/m3) (Table 2). The 152 

oligotrophic biome is defined where Chl < 0.075 mg/m3, similar to a threshold used by Polovina et al. (2008). These 153 

regions represent the least productive areas of the open ocean and are broadly analogous to arid deserts on land. The 154 

submesotrophic biome, defined where 0.075 mg/m3	≤ Chl < 0.25 mg/m3, represents moderately low-productivity 155 
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ocean regions and the upper bound of 0.25 mg/m3 has previously been used to distinguish subtropical from subpolar 156 

ocean regimes (Fay and Mckinley, 2014).  157 

The mesotrophic and eutrophic biomes are further subdivided according to winter mixed-layer depth, 158 

distinguishing regions with deep (³ 100 m) from shallow (< 100 m) winter mixing. This separation differentiates 159 

perennially stratified low-latitude systems from mid- and high-latitude regions where winter convection deepens the 160 

mixed layer and enhances seasonal nutrient supply. This subdivision enables us to refine productive ocean regions 161 

based on the strength of seasonal control over nutrient entrainment and primary productivity.  162 

The spatial extent and global distribution of individual biomes are sensitive to the choice of chlorophyll 163 

thresholds, the seasonal metric used to define productivity (Polovina et al., 2008; Irwin and Oliver, 2009; Leonelli et 164 

al., 2022), and whether surface or euphotic-depth-averaged chlorophyll is employed. Nevertheless, the qualitative 165 

features of long-term biome redistributions from the present to the year 2300 remain robust to these methodological 166 

choices, as discussed in next sections.  167 

Table 2 Classification of Ocean Biomes  168 

Ocean biomesa 
Annual 

minimum sea-
ice (ICE) 

Annual maximum 
chlorophyll (Chl) 

Unit in mg/m3 

Annual maximum mixed 
layer depth (MLD) 

Unit in m 

Sea-ICE ICE < 0.5 ---- ---- 

Oligotrophic ---- Chl < 0.075 ---- 

Submesotrophic ---- 0.075 ≤ Chl < 0.25 ---- 

Mesotrophic ---- 0.25 ≤	Chl <	1.0 MLD ≥ 100 

Low-mixing mesotrophic ---- 0.25 ≤	Chl < 1.0 MLD < 100 

Eutrophic ---- Chl ≥ 1.0 MLD ≥ 100 

Low-mixing eutrophic ---- Chl ≥ 1.0 MLD < 100 
aFor biome names and threshold values, we largely follow Palmiéri et al. (2019). 169 

2.3 Observational datasets  170 

To verify the present-day distributions of terrestrial and ocean biome distributions simulated by our model, we 171 

compare our estimates with those from observational and reanalysis data products. Monthly temperature and 172 

precipitation are obtained from the fifth-generation European Centre for Medium-Range Weather Forecasts (ECMWF) 173 

reanalysis, ERA-5, for the period of 1981-2010 (Hersbach et al., 2020). For ocean biomes, we use monthly mean 174 

surface chlorophyll concentrations derived from the Sea-viewing Wide Field-of-view Sensor (SeaWiFS) satellite for 175 

the period of 2000-2010 (O'reilly et al., 1998). Annual maximum chlorophyll concentrations are computed for each 176 

year and then averaged over the 11-year period. We also use a monthly mean mixed-layer depth climatology estimated 177 

from Argo float profiles and in-situ observations (De Boyer Montégut, 2023; De Boyer Montégut et al., 2004) to 178 

determine the monthly maximum mixed-layer depth. The sea-ice concentration to identify the sea-ice biome is 179 
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obtained from National Snow and Ice Data Center (NSIDC) Climate Data Record (Meier et al., 2021), as incorporated 180 

into the E.U. Copernicus Marine Service Information (CMEMS) Global Ocean Ensemble Physics Reanalysis for the 181 

period of 2000-2010. Annual minimum sea-ice concentrations are computed for each year and then averaged over the 182 

11-year period.  183 

2.4 CESM2 multi-centennial simulations  184 

The primary model analyzed in this study is the CESM2, a fully coupled global Earth system model that explicitly 185 

simulates interactions among the atmosphere, ocean, sea-ice, and land components (Danabasoglu et al., 2020). The 186 

atmospheric component is the Community Atmosphere Model version 6 (CAM6), which includes updated 187 

parameterizations of cloud microphysics, aerosol-cloud interactions, and radiative transfer, and is coupled to the 188 

Community Land Model version 5 (CLM5). CLM5 explicitly represents land-use change, snow and hydrological 189 

processes, and terrestrial geophysical and biogeochemical cycles (Lawrence et al., 2019). Sea-ice processes are 190 

simulated using the Community Ice CodE (CICE) version 5.1.2 (CICE5), which includes multi-category ice thickness 191 

distributions, melt pond physics, and improved thermodynamic and dynamic formulations (Hunke et al., 2015).  192 

The ocean component is the Parallel Ocean Program version 2 (POP2) (Smith et al., 2010), which simulates 193 

ocean circulation, mixing, and tracer transport. Ocean biogeochemistry is represented by the Marine Biogeochemistry 194 

Library (MARBL), which resolves coupled carbon, nitrogen, phosphorus, iron, and silica cycles, air–sea CO₂ 195 

exchange, and lower-trophic marine ecosystem dynamics (Long et al., 2021). MARBL includes three explicit 196 

phytoplankton functional types (diatoms, small phytoplankton, and N2-fixing diazotrophs), one implicit calcifying 197 

phytoplankton, a single zooplankton functional group, along with parameterizations of organic matter production, 198 

export, and remineralization. Importantly, MARBL incorporates adaptive phytoplankton physiological traits, such as 199 

variable C:P stoichiometry and flexible nutrient utilization pathways, enabling dynamic ecosystem responses to 200 

changing environmental conditions (Long et al., 2021; Galbraith and Martiny, 2015; Moore et al., 2004). The nominal 201 

horizontal resolution of all CESM2 components is approximately 1° × 1°, with enhanced vertical resolution (10 m) in 202 

the upper ocean (top 160 m). 203 

CESM2 simulations were conducted from 1850 to 2014 under historical radiative and land-use forcing, and 204 

from 2015 to 2100 following the SSP3-7.0 scenario (O'neill et al., 2016), employing a 100-member large ensemble 205 

(CESM2-LE) (Rodgers et al., 2021). To explore long-term, multi-centennial responses, the simulations were extended 206 

from 2101 to 2500 using 10 ensemble members (Lee et al., 2025), following the extended SSP3-7.0 forcing protocol 207 

(Meinshausen et al., 2020). While greenhouse gas concentrations follow the prescribed trajectories in Meinshausen et 208 

al. (2020), land-use change and aerosol forcing are held fixed at their 2100 levels throughout the extended simulations. 209 

We refer readers to Lee et al. (2025) for details of the simulations and an overview of the projected climate and 210 

biogeochemical changes. Because the climate system approaches a quasi-equilibrium state under stabilized forcing 211 

during 2300–2500, our analysis focuses on the period 1980-2300. We define 30-year climatological means centered 212 

on 1980-2010, 2071-2100, and 2271-2300 to represent the present, near future, and extended future, respectively. 213 

Unless otherwise noted, climatological biome distributions are derived from a single ensemble member. 214 
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It is important to note that the terrestrial biome distributions diagnosed here are not identical to the vegetation 215 

types explicitly represented in CLM5 (Lawrence et al., 2019). In CLM5, each land grid cell is partitioned into six land 216 

units—vegetated, crop, urban, lake, glacier, and wetland—with fractional coverage prescribed and evolving over time 217 

according to historical and future land-use datasets (Lawrence et al., 2016; Danabasoglu et al., 2020). Within the 218 

vegetated land unit, vegetation is represented by multiple plant functional types (PFTs) that differ in photosynthetic 219 

pathway, phenology, physiology, and bioclimatic niche, including needleleaf and broadleaf trees, shrubs, and C₃ and 220 

C₄ grasses (Lawrence et al., 2019). Transitions among the PFTs, as well as their physiological state and function	—221 

including net primary production, leaf area index, and nitrogen and carbon pools	—are simulated prognostically in 222 

response to climate conditions and atmospheric CO2 levels.  223 

By contrast, the Köppen–Geiger climate classification applied here is derived solely from simulated near-224 

surface temperature and precipitation, and is therefore not necessarily consistent with prescribed land-use fractions or 225 

simulated vegetation structure and function. Accordingly, the climate-based biomes diagnosed in this study should be 226 

interpreted as indicators of climatic suitability rather than direct representations of vegetation distribution simulated 227 

by CLM5. 228 

We further note that the CESM2 configuration employed in this study does not include a dynamic land-ice 229 

module (Lipscomb et al., 2019). Instead, surface air temperature and land-ice accumulation and ablation are calculated 230 

using the surface mass and energy balance scheme implemented in CLM5, which represents subgrid-scale topographic 231 

variability through multiple elevation classes over glaciated grid cells (Lipscomb et al., 2013; Danabasoglu et al., 232 

2020). As a result, dynamic ice-sheet processes such as ice flow and ice-climate feedback are not represented. 233 

Therefore, diagnosed terrestrial polar frost biomes over Greenland and Antarctica should be interpreted in light of this 234 

modeling limitation. 235 

2.5 Other Earth system models  236 

To assess the sensitivity of projected biome redistributions to Earth system model formulation, we additionally analyze 237 

multi-centennial simulations from two other Earth system models participating in the Coupled Model Intercomparison 238 

Project Phase 6 (CMIP6) (Eyring et al., 2016): the Canadian Centre for Climate Modelling and Analysis fifth-239 

generation Earth System Model (CanESM5) (Swart et al., 2019) and the UK Earth System Model version 1 (UKESM1) 240 

(Sellar et al., 2019). These models span a range of structural complexity and process representations, particularly in 241 

their treatments of atmospheric chemistry, aerosol-cloud interactions, and coupling of terrestrial and marine 242 

biogeochemical cycles (Christian et al., 2022; Yool et al., 2013). Notably, differences in the formulation and 243 

parameterization of marine biogeochemical modules lead to substantial variation in simulated nutrient cycling, 244 

primary production, and ecosystem structure, as documented in previous intercomparison studies (Bopp et al., 2013; 245 

Kwiatkowski et al., 2020; Laufkötter et al., 2015). 246 

We also analyze simulations from the CESM2 Whole-Atmosphere Configuration version 6 (CESM2-247 

WACCM6) (Koven et al., 2022; Danabasoglu et al., 2020). CESM2-WACCM6 differs from the standard CESM2 248 

configuration by employing WACCM6 in place of CAM6, thereby extending the atmospheric domain into the 249 
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mesosphere and lower thermosphere and explicitly representing interactive stratospheric chemistry and dynamics 250 

(Koven et al., 2022; Danabasoglu et al., 2020).  251 

Across the three Earth system models, climate sensitivity and carbon-cycle responses to CO₂ forcing vary 252 

substantially (Meehl et al., 2020; Koven et al., 2022), providing a useful range of structural and feedback uncertainties 253 

for intercomparison. Because extended future simulations under SSP3-7.0 are not available for these additional models, 254 

we instead analyze simulations conducted under the SSP5-8.5 scenario. SSP5-8.5 represents a high-emissions pathway 255 

in which radiative forcing reaches approximately 8.5 W m⁻² above preindustrial levels by 2100, compared with 7.0 W 256 

m⁻² under SSP3-7.0  (O'neill et al., 2016). For each model, only a single ensemble realization is available over the 257 

analysis period. To facilitate intercomparison, all model outputs are regridded to a common 1° × 1° horizontal grid 258 

prior to biome diagnostics.  259 

 260 
Figure 1: Present-day (1981–2010) global terrestrial biome distribution based on the Köppen–Geiger climate 261 

classification, comparing (a) ERA5 reanalysis with (b) Community Earth System Model version 2 (CESM2) 262 

simulations. 263 

3 Projected changes in terrestrial biome distribution  264 

3.1 Observed and simulated terrestrial biome distributions 265 
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CESM2 broadly reproduces the present-day terrestrial biome distribution, as estimated from a reanalysis-based 266 

climatology averaged over 1981-2010 (Fig. 1). Tropical rainforests are concentrated along the Intertropical 267 

Convergence Zone, where persistently warm and wet conditions sustain dense forests in the Amazon, Congo Basin, 268 

and Maritime Continent. These rainforest regions typically transition into relatively narrow tropical monsoon zones, 269 

which are in turn bordered by broader tropical savannahs across South America and Africa. Outside the tropics, arid 270 

deserts and steppes dominate the subtropic belts near 30° N and 30° S, where the descending branches of the Hadley 271 

and Ferrel circulations drive moisture divergence. These dry climates are prominent across the Sahara, the Middle 272 

East, and much of Australia (except along the northern and eastern coasts).  273 

Polar tundra is found in high northern latitudes or in high-elevation mountain regions, while polar frost covers 274 

Antarctica and interior of Greenland. At mid to high latitudes outside the polar regions, large areas of North America 275 

and Eurasia are primarily characterized by wet climates with severe winters (i.e., cold-wet or continental-wet climates). 276 

In contrast, wet climates with relatively mild winters (i.e., temperate-wet or maritime-wet climates) occur mainly 277 

along the eastern margins of continents around 30°S and 30°N, where the influence of warm western boundary currents 278 

enhances heat and moisture transport. A notable exception is the northwestern Europe around 45°N, where the 279 

combined influence of North Atlantic Current and frequent mid-latitude storm activity maintains year-round wet 280 

conditions with mild winters.  281 

Notable differences between simulated and observed biome distribution include an underestimation of 282 

tropical rainforest extent and a corresponding overestimation of tropical savannahs (Fig. 1), primarily attributable to 283 

biases in simulated precipitation during the driest month (Fig. S1). In addition, cold biases in simulated hottest-month 284 

temperatures lead to an overly extensive polar tundra that encroaches upon cold-wet climate zones in the northernmost 285 

regions of North America and Eurasia. Conversely, polar tundra is underestimated in high-mountain regions such as 286 

the Andes and Himalaya, reflecting the model’s coarse horizontal resolution and limited ability to resolve steep 287 

topographic gradients. Seasonal precipitation biases further contribute to an overestimation of dry-summer climate 288 

regimes in both temperate and cold climate zones, at the expense of temperate- and cold-wet climates. Although these 289 

regional biases produce discrepancies in aggregated biome areas, reaching up to ~5% of the global land surface (Fig. 290 

2a), the model reproduces the first-order spatial patterns of observed terrestrial biomes reasonably well, providing 291 

confidence in its projected future changes. 292 

3.2 Near-future changes in terrestrial biome distribution 293 

Consistent with previous studies (Beck et al., 2023; Mahlstein et al., 2013; Lohmann et al., 1993), our 21st century 294 

projections indicate a contraction of polar tundra and frost zones, accompanied by poleward expansions of arid and 295 

tropical climate zones. These shifts are evident in projected changes in aggregated biome areas (Figs. 2a and 2b) and 296 

in the spatial patterns of terrestrial climate zones (Fig. 3a). Figures 2 and 3 additionally present hypothetical estimates 297 

in which only temperature or precipitation is allowed to vary, while the other variable is held fixed at present-day 298 

conditions. These estimates enable attribution of the projected biome changes to individual climate drivers, as 299 

discussed below.  300 
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 301 
Figure 2: Globally integrated terrestrial biome areas and their projected future changes. (a) Fractional land area 302 

occupied by each terrestrial biome under four cases: observed present-day conditions (ERA5), simulated present-day 303 

conditions, near-future projections, and extended-future projections. (b–c) Attribution of projected changes in biome 304 

fractional areas to individual climate drivers for the (b) near-future and (c) extended-future periods, relative to the 305 

present day. Simulated full changes are shown in yellow bars (ΔT&ΔP), while two hypothetical sensitivity estimates 306 

are shown for temperature changes alone (ΔT; red) and precipitation changes alone (ΔP; blue). The hypothetical 307 

estimates are derived by allowing only temperature (precipitation) to vary, while precipitation (temperature) is held 308 

fixed at present-day values. Numerical values corresponding to the y-axis are provided above each bar.  309 

Among the major shifts, arid deserts and steppes exhibit the largest net expansion, increasing by 3.5 % points 310 

relative to a present-day coverage of 24% (Fig. 2a). This expansion is driven by both warming-induced increases in 311 

the aridity threshold and, in some regions, reductions in mean annual precipitation (Figs. 3a-3c and S2). In contrast, 312 

polar tundra and frost zones experience the most pronounced net decline, decreasing by 4.0 % points from a present-313 

day value of 17%, consistent with accelerated high-latitude warming and enhanced permafrost thaw (Kim et al., 2024).  314 
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 315 
Figure 3: Spatial distribution of terrestrial biomes in the near and extended futures based on the Köppen-Geiger 316 

classification. (a) Simulated biome distribution for the near-future period (2071-2100). (b) Hypothetically estimated 317 

biome distribution for the near future assuming that only temperature changes, while precipitation is held fixed at 318 

present-day values. (c) Hypothetically estimated biome distribution for the near future, assuming that only 319 

precipitation changes, while temperature is held fixed at present-day values. (d-f) Same as (a-c), but for the extended-320 

future period (2271-2300).  321 

Tropical climate zones exhibit a comparatively modest expansion by 2100, with a net increase of 1.3% points 322 

from the present-day value of 23% (Fig. 2a). This increase is predominantly driven by the expansion of tropical 323 

savannah climates, which account for approximately 1.0 % point of this increase. Temperate and cold climate zones 324 

generally shift poleward, consistent with global warming patterns (Figs. 3a-3c and S3). Because northward expansion 325 
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of northern boundaries is largely offset by contraction at their southern boundaries, net areal changes in temperate and 326 

cold zones remain small. While surface warming is the dominant driver of these shifts, changes in precipitation play 327 

an important role in redistributing climate subgroups. For example, enhanced summer drying over northern Canada 328 

and eastern Europe (Fig. S4) contribute to regional expansion of temperate and cold dry-summer climate zones (Fig. 329 

3c).  330 

3.3 Extended future changes in terrestrial biome distribution 331 

The reorganization of terrestrial biomes intensifies beyond the 21st century (Figs. 2 and 3d-3f), when cumulative 332 

atmospheric carbon and global surface temperatures reach their maxima and remain elevated (Lee et al., 2025). 333 

Persistent surface warming raises the aridity threshold (Fig. S2), driving continued expansion of arid climate zones 334 

from 29% of the global land surface during the near-future period to 35% in the extended-future period. Arid deserts 335 

alone expand from 15% of global land area under present-day conditions to 17% in the near future and 20% in the 336 

extended future, emerging as the dominant terrestrial biome in our projections.  337 

Regionally, accelerated surface warming combined with enhanced dryness drives an eastward expansion of 338 

arid climates across Southern Africa and Australia, occupying large portions of these continents (Figs. 3d-3f and S2). 339 

In the Northern Hemisphere, a projected collapse of the Atlantic Meridional Overturning Circulation (AMOC) (Lee 340 

et al., 2025), together with poleward shifts of subtropical high-pressure systems (Fig. S5), promote perennial drying 341 

and facilitates a transition toward arid conditions across the Mediterranean region (Fig. 3d). By contrast, over mid-342 

continental North America and Eurasia, where mean annual precipitation increases, the expansion of arid climates is 343 

primarily governed by warming-induced increases in the aridity threshold rather than by precipitation reductions (Fig. 344 

S2).  345 

Polar biomes continue to contract from the near future to the extended future, with permafrost-free conditions 346 

emerging by ~2150 (Lee et al., 2025) (Figs. 2c and 3d-3f). At the opposite end of the climate spectrum, tropical 347 

rainforest and monsoon climates expand in response to projected increases in precipitation during the climatologically 348 

driest month, together with accelerated surface warming (Fig.  S3). This expansion occurs at the expense of tropical 349 

savannah and temperate wet climates. Notably, tropical rainforest climates extend beyond the conventional tropical 350 

belt bounded by 30°N and 30°S, emerging in extratropical coastal regions including the east coasts of the United 351 

States, South Korea, and Australia, as well as coastal regions of Japan and New Zealand.  352 

Another prominent feature of the extended future is the accelerated conversion of cold climate regimes to 353 

temperate ones, particularly across northwestern Eurasia and eastern North America (Figs. 3d-3f), where coldest-354 

month temperatures exceed the 0 °C threshold. Across western to central Eurasia near 50°N, projected hydroclimatic 355 

changes are characterized by drier summers and wetter winters (Fig. S4), shifting climates toward temperate dry-356 

summer regimes. Taken together, temperate climates currently confined to western Europe extend eastward into 357 

central Russia, leading to a substantial reduction in cold wet climate zones, whose areal extent declines from 358 

approximately 15% of global land area in the near future to 8% in the extended future (Fig. 2a). 359 
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4 Projected changes in ocean-biome distributions  360 

4.1 Present-day distributions and the sensitivity to classification metrics 361 

Observation-based estimates indicate that eutrophic biomes with strong seasonal mixing occur in the subpolar 362 

gyres of the North Atlantic and the Northwest Pacific, as well as in localized regions of the Antarctic Circumpolar 363 

Current (ACC) (Fig. 4a), where deep winter convection entrains subsurface nutrients into the euphotic zone. By 364 

contrast, eutrophic biomes without pronounced seasonal mixing are found primarily in eastern boundary upwelling 365 

systems, the Somali upwelling region, and other coastal zones influenced by wind-driven upwelling and enhanced 366 

nutrient inputs from terrestrial runoff and shelf sediments. Beyond these high-productivity coastal regions, subpolar 367 

gyres are dominated by mesotrophic biomes, while subtropical gyres are mainly occupied by submesotrophic biomes. 368 

At the centers of the subtropical gyres, oligotrophic biomes dominate, reflecting perennially nutrient-depleted surface 369 

waters maintained by wind-driven Ekman convergence and strong upper-ocean stratification. 370 

CESM2 reproduces these observed large-scale patterns of ocean biome distribution, simulating oligotrophic 371 

and submesotrophic biomes across broad regions of subtropical gyres, and mesotrophic and eutrophic biomes along 372 

the equator, in coastal upwelling zones, and across subpolar gyres and the Southern Ocean (Fig. 4b). These biome 373 

classifications broadly reflect the simulated biogeography of phytoplankton functional types and their associated 374 

nutrient cycles (Fig. S6). Eutrophic biomes are dominated by fast-growing, large phytoplankton that benefit from rapid 375 

nutrient supply through vertical mixing and upwelling, whereas submesotrophic to mesotrophic biomes are typically 376 

associated with small phytoplankton exhibiting high nutrient affinity under low-nutrient conditions. Diazotrophs 377 

capable of biological N₂ fixation are largely restricted to warm, low-latitude regions, reflecting strong temperature 378 

constraints, with optimal growth occurring above approximately 15 °C (Long et al., 2021). As expected, oligotrophic 379 

biomes exhibit the lowest phytoplankton biomass. 380 

Despite the broad agreement between the observation-based estimate and the model simulations, several 381 

notable discrepancies remain (Fig. 4b), reflecting limitations in simulating the ocean’s physical and biogeochemical 382 

states (Long et al., 2021; Danabasoglu et al., 2020). The most prominent bias is a systematic overestimation of annual 383 

maximum chlorophyll concentrations over much of the global ocean, particularly in upwelling-dominated regions (Fig. 384 

S7). This bias inflates the simulated areal extent of eutrophic biomes in the mid- to high- latitudes, where observations 385 

instead suggest predominantly mesotrophic conditions. In addition, slight chlorophyll overestimation across large 386 

portions of subtropical gyres leads to a substantial underestimation of oligotrophic biome extent. Specifically, the 387 

simulated oligotrophic biome occupies only 0.4% of the global ocean under present-day conditions, whereas 388 

observations suggest a coverage of approximately 8%. The model also underestimates the annual maximum mixed-389 

layer depth across the mid- to high-latitudes of both hemispheres (Fig. S7), resulting in an underestimation of 390 

seasonally high-mixing mesotrophic biomes (Fig. 4b). Furthermore, warm biases in polar oceans lead to smaller 391 

simulated sea-ice biome extents compared with observations.  392 

 393 
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 394 
Figure 4: Present-day distributions of ocean biomes and their projected future changes based on the classification 395 

summarized in Table 2. (a) Observed ocean biome distribution for 2000-2010. (b) Simulated present-day distribution 396 

for 1981-2010. (c) Near-future projection for 2071-2100. (d) Extended-future projection for 2271-2300. For the 397 

simulated cases (b-d), ocean biomes are classified using surface chlorophyll concentrations averaged over the upper 398 

10 m of the ocean model. The white dashed lines in (c) and (d) denote the simulated present-day boundary between 399 

submesotrophic and mesotrophic biomes, defined by a chlorophyll threshold of 0.25 mg/m3 and taken from (b). 400 

It is further to note that ocean biome classification is highly sensitive to whether chlorophyll concentration 401 

is defined at the surface (the upper 10 m in the ocean model) or averaged over the euphotic zone, defined as the layer 402 

within which photosynthetically available radiation remains more than 1% of its surface value. When euphotic-depth-403 

averaged chlorophyll is used, the estimated areal extents of oligotrophic and submesotrophic biomes increase 404 

substantially relative to the surface-based metric, from 0.4% to 14% and from 40% to 54% of the global ocean, 405 

respectively (Fig. S8). Although the oligotrophic area becomes more comparable to observations under this definition, 406 

the euphotic-depth-averaged metric produces unrealistically extensive submesotrophic biomes in the Southern Ocean, 407 

a feature not supported by observations. This strong sensitivity arises from pronounced vertical variability in 408 

chlorophyll concentration in the stratified ocean, associated with vertical variability in phytoplankton biomass, 409 

photoacclimation, and grazing pressure (Cullen, 2015; Cornec et al., 2021), processes represented in the model to 410 

some extent (Long et al., 2021). In contrast, subpolar regions of the Northern Hemisphere, which are characterized by 411 

strong seasonal vertical mixing, show relatively weak sensitivity to the choice of chlorophyll metric. Because 412 

chlorophyll concentrations in the lower euphotic zone do not necessarily correspond to phytoplankton biomass, we 413 
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therefore adopt the surface chlorophyll-based metric as our primary diagnostic. Nevertheless, we assess and discuss 414 

the sensitivity of our key results to the use of euphotic-depth-averaged chlorophyll.  415 

4.2 Future changes in ocean biome distribution  416 

Projected reorganizations of global ocean biomes exhibit a pronounced hemispheric asymmetry (Figs. 4c-4d), driven 417 

by ocean circulation responses to greenhouse warming. In the North Atlantic subpolar gyre, surface warming and 418 

freshening enhance upper-ocean stratification and weaken the AMOC, reducing the supply of nutrients to the surface. 419 

As a result, oligotrophic and submesotrophic biomes expand northward into the region currently characterized by the 420 

North Atlantic subpolar front. In contrast, much of the Southern Ocean becomes increasingly eutrophic, as poleward-421 

intensified westerlies enhance nutrient supply through increased vertical mixing and lateral advection (Misumi et al., 422 

2014). The poleward migration of deep winter convection bands (Fig. S9), associated with shifts in the westerlies (Fig. 423 

S5), further drive the poleward expansion of diatom-dominated eutrophic biomes (Fig. S6).  424 

Despite these contrasting responses at northern and southern high latitudes, both Arctic and Antarctic sea-ice 425 

biomes transition to eutrophic states by the end of the 21st century (Fig. 4c), coincident with the projected loss of 426 

summer sea ice (Fig. S9). From the near to extended future, both polar regions remain productive, while the Arctic 427 

shifts predominantly toward mesotrophic conditions by 2300 (Fig. 4d). Another hemispherically symmetric feature is 428 

the widespread emergence of oligotrophic biomes, which replace present-day submesotrophic biomes in the 429 

subtropical gyres from the near to extended future. Using the surface chlorophyll-based metric, oligotrophic biomes 430 

expand from 0.4% of the global ocean at present to 0.8% in the near future and further to 18% in the extended future. 431 

This pronounced post-2100 oligotrophication is robust to the choice of chlorophyll metric: when the oligotrophy 432 

threshold is applied to euphotic-depth-averaged chlorophyll, oligotrophic biome coverage increases from 14% at 433 

present to 19% in the near future and to 44% in the extended future (Fig. S8). In the extended future, these expanded 434 

oligotrophic biomes are largely devoid of all major phytoplankton functional groups (Fig. S6). The most pronounced 435 

decline occurs in diazotrophs, underscoring their critical role in supplying bioavailable nitrogen to the euphotic zone 436 

and, consequently, in sustaining marine ecosystems (Bopp et al., 2022).  437 

5 Divergent trajectories of terrestrial and ocean biome reorganizations  438 

Figure 5 shows continuous time-series of the areal extent of terrestrial and oceanic biomes over 1981-2300, estimated 439 

from annual mean model output. The most notable contrast between the land and ocean lies in the temporal evolution 440 

of their least productive biomes. Consistent with previous studies, terrestrial biomes respond linearly to increasing 441 

greenhouse gas forcing (Mahlstein et al., 2013). On the contrary, oligotrophic ocean biomes remain largely unchanged 442 

through 2100, despite gradual increases in ocean warming and upper-ocean stratification (Lee et al., 2025). This 443 

apparent resilience does not persist beyond 2100, when oligotrophic biomes expand rapidly, reaching 18% of the 444 

global ocean surface (Fig. 5b), accompanied by poleward expansion of submesotrophic biomes (Figs. 4c and 4d).  445 

 446 
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Figure 5: Simulated temporal evolution of global biome fractional areas. Time-series displaying temporal changes 447 

in the fractional global land and ocean area occupied by each biome for (a) land and (b) ocean. Biome categories are 448 

color-coded as indicated (a) above and (b) below panel.  449 

This delayed and non-linear oceanic response is attributable to the adaptive capacity of phytoplankton under 450 

nutrient stress. When ambient inorganic nutrient concentrations are low, phytoplankton can access essential nutrients 451 

through processes such as N2 fixation (Fig. S6) and enhanced recycling of organic matter (Bopp et al., 2022; Sreeush 452 

et al., 2024; Letscher and Moore, 2015). In addition, phytoplankton can regulate cellular stoichiometry by reducing 453 

phosphorus requirements while sustaining carbon fixation, a process referred to as carbon-to-phosphorus (C:P) 454 

plasticity (Kwon et al., 2022; Tanioka and Matsumoto, 2017; Martiny et al., 2022; Galbraith and Martiny, 2015). 455 

Consistent with this mechanism, simulations without C:P plasticity (Kwon et al., 2022) show oligotrophic regions 456 

expanding from ~1% at present to ~8% by 2100 (Fig. S10), whereas inclusion of C:P plasticity yields an almost 457 

invariant response over the same period. These adaptive strategies delay the onset of nutrient depletion, but only while 458 

surface phosphate concentrations remain above a near-zero critical threshold. Once sustained biological uptake and 459 

persistent stratification drive widespread phosphate limitation (Fig. S11), this buffering capacity breaks down. This 460 
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behavior differs from systems limited by iron or nitrogen, where external inputs—such as atmospheric Fe deposition 461 

or biological N₂ fixation—can partially offset nutrient deficits. In contrast, external phosphate supply is much more 462 

limited (Paytan and Mclaughlin, 2007), leading to a rapid and large-scale transition toward oligotrophic conditions 463 

across much of the global ocean.  464 

 465 
Figure 6: Sensitivity of the least productive terrestrial and ocean biome areas to global surface warming. Plots show 466 

the projected changes relative to the present-day conditions in fractional area (%) of global land or ocean as a function 467 

of global mean surface temperature increase (°C). (a) Black and blue lines show the areal extent of the terrestrial arid 468 

desert (BW) and oligotrophic ocean biomes, respectively. Orange and red lines show the extent of arid climates (BW 469 

+ BS) and the combined oligotrophic and submesotrophic ocean biomes. Solid lines represent the mean of the 10-470 

member ensemble, and shading denotes ± standard deviation across ensemble members. Three distinct time periods 471 

are indicated by different background shading, as shown in the legend at the bottom right of each panel. (b) Black and 472 

blue lines are identical to those shown in (a). Oligotrophic ocean biomes in the blue line are classified using surface 473 

chlorophyll. For comparison, the red line shows the extent of oligotrophic ocean biomes classified using euphotic-474 

depth-averaged chlorophyll. Only ensemble means are shown in this panel.  475 
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The contrasting responses of terrestrial and ocean biomes to greenhouse warming are further elucidated by 476 

examining the relationship between globally integrated biome areas and global mean surface temperature. Terrestrial 477 

arid desert area increases approximately linearly with warming up to approximately 8°C above present-day levels, 478 

after which the expansion rate diminishes (Fig. 6a). This apparent saturation may reflect the comparatively delayed 479 

warming of ocean relative to land (Armour et al., 2016), which indirectly controls further terrestrial biome 480 

redistribution. In contrast, the areal extent of oligotrophic ocean biome remains nearly constant until global warming 481 

exceeds ~6°C, beyond which it increases sharply, reaching nearly 20% of the global ocean surface at 11°C of warming. 482 

A Harvey–Collier linearity test confirms that terrestrial desert expansion is statistically linear (p = 0.053), whereas 483 

oligotrophic ocean expansion exhibits strong nonlinearity (p < 0.05). This qualitative contrast persists even when 484 

broader biome categories are considered (combined arid deserts and arid steppes on land; combined oligotrophic and 485 

submesotrophic biomes in the ocean), although the threshold for the rapid oceanic response shifts to approximately 486 

3°C.  487 

The robustness of this nonlinear oceanic response is further supported by applying an alternative biome 488 

classification based on euphotic-depth-averaged chlorophyll (Fig. 6b). Under this metric, oligotrophic expansion also 489 

occurs in two steps with an initial increase of roughly 4% points for up to ~5°C of warming, followed by a more 490 

pronounced expansion of roughly 16% point over the subsequent ~5 °C warming. Compared with surface chlorophyll, 491 

euphotic-depth–averaged chlorophyll exhibits reduced earlier resilience, potentially reflecting a stronger dependence 492 

of lower-euphotic-zone productivity on circulation-driven nutrient supply. Despite these differences in magnitude and 493 

timing, the emergent nonlinearity is fundamentally governed by phytoplankton adaptive processes, highlighting a 494 

distinct feature of ocean biome responses to sustained climate change.  495 

6 Discussions and conclusions 496 

The joint analysis of terrestrial and oceanic biomes over the extended period 1981-2300 under the SSP3-7.0 scenario 497 

reveals emergent features that only become apparent beyond the 21st century. In both domains, the most rapid 498 

responses occur in high-latitude and high-altitude cryosphere biomes: terrestrial polar tundra and sea-ice biomes. The 499 

sea-ice biome is projected to disappear before 2050 as polar oceans become seasonally ice-free, whereas terrestrial 500 

polar tundra continues to retreat until around 2150, coinciding with the projected loss of near-surface permafrost. In 501 

contrast, polar frost biomes in Greenland and Antarctica exhibit limited response on multi-centennial timescales, 502 

although this muted response partly reflects the absence of dynamic icesheet-climate coupling in our simulations. 503 

Because ice-associated biomes support uniquely adapted ecosystems, including ice algae, krill, and penguins, their 504 

loss represents a substantial threat to global biodiversity.  505 

Beyond polar regions, our results indicate that Earth’s surface becomes progressively less habitable under 506 

sustained greenhouse forcing. The globally integrated response of terrestrial desert area to warming is approximately 507 

linear in both time and global mean surface temperature. As aridity thresholds rise and precipitation declines, deserts 508 

expand steadily, ultimately occupying ~20% of global land area in the extended future. In contrast, the expansion of 509 

oligotrophic ocean biomes is initially buffered despite rising temperatures and enhanced upper-ocean stratification. 510 

This resilience persists until approximately 2100, owing to phytoplankton’s adaptive strategies, including N2 fixation, 511 
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enhanced recycling of organic nutrients, and stoichiometric plasticity. However, once global warming exceeds roughly 512 

5–6°C, widespread phosphorus limitation constrains phytoplankton productivity, leading to a rapid expansion of 513 

extreme oligotrophic regions that ultimately cover approximately 18–44% of the global ocean surface. The range 514 

reflects uncertainty associated with biome classification based on surface versus euphotic-depth–averaged chlorophyll.  515 

 516 
Figure 7: Composite distribution of terrestrial desert and oligotrophic ocean biomes in relation to simulated soluble 517 

iron deposition. (a–c) Spatial composites of terrestrial arid deserts (beige shading) and oligotrophic ocean biomes 518 

(white hatching) for the (a) present-day, (b) near-future, and (c) extended-future periods, overlaid with simulated 519 

soluble iron flux from atmosphere to the ocean surface (mol×m-2yr-1). The red rectangle in the Tasmanian Sea, off  520 

eastern Australia, denotes the region over which iron deposition and surface chlorophyll are averaged in Figure 8. (d-521 

e) Changes in arid deserts and oligotrophic ocean biomes relative to present-day conditions for the (d) near-future and 522 

(e) extended-future periods. Red shading indicates biome expansion between periods, while blue shading indicates 523 

biome contraction. Grey shading denotes regions that persist across both periods.  524 
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We refer to this long-term degradation as “compound desertification”, a process characterized by gradual 525 

expansion of terrestrial desert followed by an abrupt acceleration of ocean oligotrophication. By the extended future, 526 

both terrestrial arid deserts and oligotrophic ocean biomes become concentrated in subtropical belts near 30°N and 527 

30°S, forming a coupled terrestrial-marine desert zone (Fig. 7). This expansion spans much of the subtropical gyres, 528 

extending from western boundary currents to eastern ocean basins. Particularly pronounced transitions occur in the 529 

mid-latitude North Atlantic (30-45oN), where regions presently characterized by eutrophic conditions shift toward 530 

oligotrophy (Fig. 4d). Together, terrestrial and ocean desertification across the subtropics—covering nearly 40% of 531 

Earth’s surface between 30°N and 30°S (Fig. 7c)—poses substantial risks to food security, as both land and ocean 532 

become less suitable for supporting crops and wild fisheries. Hotspots of compound desertification include the 533 

Mediterranean, Central America, southern Africa, and western Australia—regions already highly vulnerable to 534 

climate change. 535 

Integrating terrestrial and ocean biomes further enables assessment of cross-domain feedbacks between land 536 

and ocean systems. A key example is aeolian iron deposition, which responds to terrestrial desertification and, in turn, 537 

regulates primary productivity in HNLC regions (Weis et al., 2024). Our simulations suggest that increased aridity 538 

(e.g., terrestrial desert expansion) enhances downwind iron deposition, most notably over the eastern equatorial Pacific 539 

and the oceans off southeastern Australia and southern Africa (Figs. 7a–c). In these regions, increased iron supply can 540 

promote phytoplankton growth and delay or prevent transitions toward oligotrophic states. While a fully quantitative 541 

assessment of this feedback would require dedicated sensitivity experiments (e.g., suppressing aeolian dust inputs), 542 

our 10-member ensemble enables us to infer the strength of coupling associated with internal variability. To this end, 543 

we examine 30-year averages of changes in iron deposition versus changes in surface chlorophyll for the near and 544 

extended future relative to present-day conditions across ensemble members (Fig. 8). By isolating the ensemble spread 545 

arising from internal variability, correlations across ensemble members provide a measure of the strength of this 546 

coupling. 547 

A positive correlation (r = 0.68; p < 0.01) is found in the downwind region of Australian deserts during the 548 

near-future period, indicating that regional desert expansion can directly enhance surface chlorophyll associated with 549 

small phytoplankton (Fig. 8a). However, this relationship weakens in the extended future (Fig. 8b), as increasing 550 

phosphate limitation reduces the effectiveness of additional iron inputs in stimulating productivity. Beyond classical 551 

HNLC regions, enhanced iron availability supports N2-fixing diazotrophs (Wu et al., 2000), sustaining elevated 552 

nitrogen fixation (Fig. S6). At the global scale, this is reflected in weak but generally positive correlations—significant 553 

at p < 0.1 for some phytoplankton groups—between changes in iron deposition and chlorophyll. However, this 554 

coupling is partially obscured by competition among phytoplankton groups for shared resources, as well as by other 555 

limiting factors such as light and macronutrient availability. For example, no significant correlation (p < 0.1) is found 556 

between globally averaged small phytoplankton chlorophyll and iron deposition across future simulations, despite the 557 

locally significant relationship estimated over the Tasman Sea in the near future.    558 
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 559 
Figure 8: Relationship between changes in surface chlorophyll and aeolian iron (Fe) deposition. Changes are shown 560 

for the near and extended future relative to present-day conditions across 10 ensemble members. (a–b) Relationships 561 
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for small phytoplankton chlorophyll (Chl_small) averaged over the Tasman Sea region off eastern Australia. (c–h) 562 

Relationships for (c,d) diazotrophs chlorophyll (Chl_diaz), (e,f) diatoms chlorophyll (Chl_diat), and (g,h) small 563 

phytoplankton chlorophyll (Chl_small) averaged over the global ocean. The left column shows the near-future period 564 

(2071–2100), and the right column shows the extended-future period (2271–2300). Each dot represents an individual 565 

ensemble member. Black dashed lines indicate linear regressions. The coefficient of determination (R²) and 566 

corresponding p-value are reported in each panel. 567 

 568 
Figure 9: Sensitivity of the least productive terrestrial and ocean biome areas to global surface warming across four 569 

Earth system models. Scatter plots show simulated changes in fractional area (%) as a function of global mean 570 

temperature increase (°C) for (a) oligotrophic ocean biomes and (b) terrestrial arid deserts. Each scatter corresponds 571 

to annual mean estimate. Results are shown for four models: CanESM5 (blue), UKESM1 (green), CESM2-WACCM 572 

(orange), and CESM2-CAM (or CESM2-LE, pink), the latter being the primary model used in this study. Dashed lines 573 

denote linear regressions fitted to the scatter points, with shading denoting the 95% confidence intervals (CI). 574 

Corresponding linear regression equations are reported in the legends.  575 

Inter-model comparisons across three Earth system models reveal substantial uncertainty in projected biome 576 

responses. Terrestrial biome redistribution primarily reflects differences in climate sensitivity and associated regional 577 

temperature and precipitation patterns. Nevertheless, all models consistently simulate expansion of terrestrial arid 578 

deserts that scales approximately linearly with global warming (Fig. 9b). On the contrary, both present-day 579 

distributions and future trajectories of ocean biomes are highly model dependent (Figs. 9a and S12). For instance, 580 
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CanESM5 simulates a linear contraction rather than non-linear expansion of oligotrophic regions, partly due to 581 

warming-induced increases in organic matter remineralization rates (Christian et al., 2022). Enhanced remineralization 582 

increases nutrient recycling within the twilight zone, and subsequent entrainment into the euphotic zone partially 583 

counteracts stratification-driven oligotrophication (Rodgers et al., 2024). By contrast, UKESM1, which lacks C:P 584 

plasticity in phytoplankton stoichiometry (Yool et al., 2013), exhibits a more linear expansion of oligotrophic waters 585 

with surface warming, without the pronounced resilience phase simulated by CESM2. CESM2-WACCM, having the 586 

same biogeochemical component as CESM2-CAM but including interactive stratospheric chemistry and stronger 587 

radiative forcing, replicates similar threshold behavior.   588 

These inter-model contrasts underscore the dominant role of poorly constrained biogeochemical processes—589 

particularly nutrient cycling, remineralization dynamics, and phytoplankton stoichiometric flexibility—in shaping 590 

long-term marine ecosystem responses. Improved observational constraints and more realistic representation of 591 

marine biogeochemistry remain critical priorities for Earth system modeling. 592 

Despite these uncertainties, the projected reorganization of global biomes implies substantial long-term risks 593 

to food security and socio-economic stability. Regions already vulnerable to water scarcity and food insecurity—594 

including the Mediterranean, southern Africa, and Central America—are likely to experience compound 595 

desertification across both land and adjacent ocean systems. In the marine realm, rapid expansion of oligotrophic 596 

biomes may emerge as a central driver of ecosystem redistribution beyond 2100, interacting with concurrent stressors 597 

such as warming, acidification, and deoxygenation. Notably, the nonlinear nature of oligotrophic expansion suggests 598 

that the ocean carbon sink may appear resilient for decades before weakening abruptly, introducing a delayed but 599 

potentially powerful positive climate feedback. This delayed yet abrupt ecological transition carries profound 600 

implications for fisheries, ocean-based livelihoods, and intergenerational climate risk. Effective mitigation and 601 

adaptation strategies must therefore account for multi-centennial oceanic tipping dynamics that may unfold beyond 602 

the 21st century yet commit future generations to enduring environmental change. 603 

 Code and data availability 604 

The CESM2 code is available at https://www.cesm.ucar.edu/models/cesm2 (last access: 26 August 2025). The 605 

CESM2 simulations are made available at https://climatedata.ibs.re.kr/data/papers/lee-et-al-2025-earth-system-606 

dynamics. ERA-5 datasets are from https://cds.climate.copernicus.eu. The SeaWiFS chlorophyll data are from 607 

http://oceandata.sci.gsfc.nasa.gov/. The sea ice concentration data are available at 608 

https://data.marine.copernicus.eu/product/GLOBAL_MULTIYEAR_PHY_ENS_001_031/description. 609 
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