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Abstract. Changing vegetation patterns in response to shifting climate over the last glacial period could explain variations in
the long-term global carbon cycle, as recorded in trace greenhouse gas (GHG) concentrations in polar ice-core data. However,
existing geological records provide only fragments of the vegetation cover history, and the evolution of corresponding carbon
stocks and fluxes remains uncertain. Using a comprehensive Earth system model we simulate global transient trajectories of
the coupled climate—vegetation—carbon system over 130000 years of the late Quaternary, including intervals with interactive
marine biogeochemistry and dynamically coupled ice sheets with iceberg calving. Our aim is to understand how vegetation
changes may explain orbital and sub-orbital scale variations in the global carbon budget. According to proxy-based evidence
and previous modelling applications, we find that the experiments adequately reproduce known patterns. We focus on how
natural land cover transitions and productivity changes contribute to simulated terrestrial emissions of carbon dioxide (CO5)
and methane (CH,4). We classify the strength of vegetation changes and locate highly dynamic regions, found closely around
monsoon margins, which respond strongly to orbital precession on a multi-millennial timescale, as well as to meltwater dis-
charge in the North Atlantic on sub-orbital timescales. Other regions, however, respond mainly to CO; fertilization. During
the strong meltwater pulses of the last deglaciation, in a simulation with interactive marine biogeochemistry, land biosphere
changes are capable of causing marked atmospheric CO5 jumps of close to 10 ppmv within several centuries. The simulations
together highlight continental regions where interactions between shifting climate and carbon cycle components most likely

contributed to GHG variability of the last glacial cycle.

1 Introduction

Natural climate fluctuations during the roughly 130kyr (kiloyear) of the last glacial cycle occurred together with shifting
vegetation patterns worldwide (Sanchez Goiii et al., 2018). In response to variable levels of seasonal warmth and moisture,
atmospheric concentration of carbon dioxide (COs), and available ice-free land, the vegetation cover on continents changed in
geographic range, composition, total biomass, and carbon (C) storage (Hoogakker et al., 2016; Nolan et al., 2018; Allen et al.,
2020). Although vegetation dynamics are closely coupled with climate variability across a broad range of timescales (Fastovich

et al., 2025), the sparse and discontinuous nature of geological records limits our ability to reconstruct past vegetation dynamics
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globally. Therefore our understanding of the terrestrial branch of the long-term global carbon cycle remains incomplete, as
demonstrated by a rather broad confidence interval in the estimated state of continental carbon inventories during full-glacial

conditions (Jeltsch-Thommes et al., 2019).

A critical uncertainty, especially in the face of ongoing accelerated environmental change, is discerning how quickly veg-
etation cover at the landscape scale adjusted to past climates (Harrison et al., 2025). It is still unclear whether climate and
regional vegetation always tracked each other closely in time, or if they tended to stay in disequilibrium and, if so, for how
long (Svenning and Sandel, 2013). In the context of glacial-interglacial climate change, palaecoecological records provide ev-
idence for both delayed vegetation responses to climate shifts (Prentice et al., 1991; Gonzales and Grimm, 2009) as well as
abrupt vegetation changes that occurred nearly synchronously with climatic transitions (Shuman et al., 2009; Williams et al.,
2011; Koutsodendris et al., 2023). This variability in vegetation response times complicates the interpretation of discrepan-
cies between model simulations and proxy-based reconstructions, such as the difference in the timing of maximum Northern

Hemisphere (NH) forest cover reported by Dallmeyer et al. (2022).

For the global carbon budget during glacial cycles this means that the contribution of the terrestrial biosphere to variations
in atmospheric greenhouse gases (GHG) is not fully understood (Brovkin et al., 2016). Sudden changes in vegetation cover or
its productivity, as well as wildfires or abrupt permafrost degradation, are all land processes thought to explain the fast jumps
in the atmospheric concentrations of carbon dioxide (CO3) and methane (CH,) recorded in Antarctic ice cores of the last
glacial cycle (Marcott et al., 2014; Bauska et al., 2021; Riddell-Young et al., 2023, 2025; Lindgren et al., 2025). However,
an incomplete global vegetation record and the complexity of interactions with marine biogeochemistry still question our

understanding of the land contribution (Gottschalk et al., 2019).

Although past global vegetation patterns have been estimated from compilations of unearthed fossil plant material (e.g.
Harrison, 2017; Li et al., 2025), there are still many data-sparse regions and only very few records reach as far back as, or even
beyond, the Last Glacial Maximum (LGM) near 21 ka (Harrison and Prentice, 2003). As an alternative, numerical vegetation
modelling in palaeo-climate contexts has provided physics-based estimates of such global patterns, and it typically captures
broad features from the geological evidence (Prentice et al., 2011; Davies-Barnard et al., 2017). Yet often these approaches rely
on stand-alone land-surface models forced with prescribed time slices of climate data, and they assume an equilibrium condition
that neglects the role of vegetation feedbacks (e.g. Hoogakker et al., 2016; Allen et al., 2020; Huntley et al., 2023). Only a
few experiments have simulated coupled climate—vegetation trajectories over glacial-interglacial cycles, but the computational
cost of such interactions must be balanced with low spatial resolution in models of intermediate complexity (e.g. Ganopolski
and Brovkin, 2017; Menviel et al., 2021; Duque-Villegas et al., 2022).

Modelling studies of glacial-interglacial vegetation and terrestrial carbon transitions also often ignore the role of the marine
carbon cycle. Sudden changes in ocean circulation, stratification, or biogeochemistry, particularly in the Southern Ocean, are
also thought to explain the fast jumps in GHG from ice-core records (Skinner et al., 2010; Ronge et al., 2021; Kobayashi et al.,

2024). Because the ocean is the largest reservoir of carbon interacting with the atmosphere, it is difficult to evaluate the full
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effect of land cover changes on the carbon cycle without an interactive ocean biogeochemistry, even if typical fluid and energy

dynamics differ by almost an order of magnitude between land and ocean processes.

Yet another complication in studying the global carbon budget during glacial cycles is related to uncertainties in past ice-
sheet evolution (Gowan et al., 2021; Bouttes et al., 2023). Glacier advance and retreat not only can push vegetation margins on
mid-to-high-latitude land, but also affect global moisture and atmospheric and oceanic flows (Ganopolski and Brovkin, 2017).
Indeed, simulation of climate variability in glacial-cycle transient experiments crucially depends on the choice of ice-sheet
reconstruction (Kapsch et al., 2022). As a result, fast GHG variability can also emerge out of fast climate interactions with the
changing cryosphere, for example from meltwater surges and subsequent abrupt cooling and warming during Heinrich events

and Dansgaard-Oeschger cycles (Schannwell et al., 2024).

Our aim is to investigate how vegetation responses to last glacial cycle climate changes may have contributed to rapid
atmospheric GHG variability. We are interested in the mechanisms that drive large-scale reorganizations of global vegetation
patterns, and in locating regions that have the largest potential to explain rapid variations of terrestrial CO2 and CH4 emissions.
We use a comprehensive Earth system model in a set of experiments targeting different timescales and processes. First, we
evaluate the orbital influence on terrestrial processes over the glacial cycle with a 130 kyr-long transient simulation of the
coupled climate—vegetation—carbon system. Second, we run a shorter experiment covering the last deglaciation only but with
interactive ocean biogeochemistry to balance the contributions of terrestrial and marine processes. And third, we consider the
influence of coupled cryosphere dynamics by taking into account existing data from the transient deglaciation experiments of
Mikolajewicz et al. (2025). The following section explains the methodology behind the simulations and afterwards we focus

on the global responses of vegetation and the carbon cycle.

2  Methods
2.1 Model description

We simulate transient dynamics of the climate—carbon system using available configurations of the coarse-resolution imple-
mentation of the Max Planck Institute for Meteorology Earth System Model (MPI-ESM) version 1.2 (Mauritsen et al., 2019;
Mikolajewicz et al., 2018). The general circulation of the atmosphere is represented by ECHAMG6.3 (Stevens et al., 2013) ata
spectral horizontal resolution of T31 (about 3.75° on a regular grid) and with 31 vertical levels. At the surface, land processes
including carbon and vegetation dynamics are simulated by JSBACH3.2 (Reick et al., 2013, 2021). Ocean dynamics are treated
by MPIOM1.6 (Jungclaus et al., 2013) configured with a nominal horizontal resolution of 3° on an Arakawa C-grid (Arakawa
and Lamb, 1977) with poles over Greenland and Antarctica, and 40 vertical levels. The ocean surface includes a zero-layer sea-
ice thermodynamic module (Hibler, 1979). Carbon in the ocean is cycled by the biogeochemistry model HAMOCC6 (Paulsen
et al., 2017; Ilyina et al., 2013). The coupled model setup includes adjustments in topography and land—sea mask once every
decade as the reconstructed ice sheets change. These adjustments happen according to the bathymetry algorithm of Meccia and

Mikolajewicz (2018), along with corresponding adaptation of runoff river routing on land as detailed in Riddick et al. (2018).
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Table 1. Configuration of transient experiments of the last glacial cycle. The atmosphere and ocean components of the Earth system model
were re-tuned in the ICE experiments of Mikolajewicz et al. (2025). An interactive module can be dynamic, disabled (off), or replaced by

prescribed input data in the case of ice sheets and volcanoes. References for the data are in the main text.

model parameters dynamic processes or prescribed data
Name Agerange Reference Atmosphere  Ocean Land C Ocean C  Methane Ice sheets  Volcanoes
LGC 133-0ka " d default default dynamic  off dynamic GLAC-1D  off
this stu
BGC 24-6ka Y default default dynamic dynamic dynamic ICE-6G off
ICE2.1 25-0ka  Mikolajewicz et al. re-tuned re-tuned  dynamic  off off dynamic PalVol
ICE2.2 25-0ka  (2025) default re-tuned dynamic  off off dynamic PalVol

The standard model framework with prescribed ice sheets and carbon cycle has already been used in glacial-interglacial
experiments (Kapsch et al., 2022; Duque-Villegas et al., 2025). Similarly, model variants with added complexity have run
deglaciation experiments that consider: a dynamic methane (CHy) cycle (Kleinen et al., 2020, 2023), dynamic ocean carbon
cycle (Liu et al., 2024), land-to-ocean carbon transfers (Extier et al., 2022), and dynamic ice sheets, viscous solid-Earth and
iceberg calving (Schannwell et al., 2024; Mikolajewicz et al., 2025). Overall, the model is suitable for such transient experi-
ments and operates within uncertainty ranges of proxy data and other Earth-system models. In the following section we explain

which configuration variants we use for experiments with different time scopes.
2.2 Experiments

We analyse a set of four MPI-ESM1.2 transient simulations summarized in Table 1. The experiments differ in complexity
and run length, because each one incorporates a specific combination of interactive processes, to model carbon-cycle and
ice-sheet dynamics, and modelling these interactively significantly increases the computational cost. Two of the experiments
come from this study (LGC and BGC), while another two (ICE2.1 and ICE2.2) come from the previous work of Mikolajewicz
et al. (2025). All the experiments have the same Earth orbital parameters calculated in agreement with Berger (1978), as
well as the same prescribed levels of GHG radiative forcing of mixed CO2, CHy, and N3O from the ice-core data synthesis
by Kohler et al. (2017). This prescribed COs series also drives plant photosynthesis, except in experiment BGC which uses
interactive biogeochemistry. Atmospheric aerosols are kept constant at preindustrial levels (Kinne et al., 2013) and we assume
no anthropogenic land use. Figure 1 shows important diagnostic variables from the prescribed forcings used in the simulations,

albeit the ice-sheet variables apply only to experiments LGC and BGC.

LGC and BGC are transient experiments that we both run with prescribed ice sheets but different carbon cycle dynamics
and time spans. LGC covers the entire last glacial cycle, spanning the last 133 kyr, with dynamic terrestrial carbon alone,
while BGC is a much shorter experiment, covering only 18 kyr between roughly 24 ka and 6 ka. However, it includes an

interactive marine carbon cycle that couples the full global carbon cycle and therefore simulates a prognostic atmospheric
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Figure 1. Last glacial cycle forcing in simulations: (a) solstice insolation of North and South latitude bands during their respective summer
seasons, as well as the orbital monsoon index (mindex) of Rossignol-Strick (1983), according to the orbital parameters of Berger (1978); (b)
atmospheric CO» from the ice-core data synthesis of Kéhler et al. (2017); (c) Northern Hemisphere (NH) ice-cover area from reconstructions
GLAC-1D and ICE-6G (references in main text); and (d) reconstructed estimated meltwater release from ice sheets, including annotations

for meltwater pulses (MWP) 1a and 1b. Vertical shading highlights warm Marine Isotope Stages (MIS) by Railsback et al. (2015).

COg concentration. Due to open questions in biogeochemistry modelling, we must nudge ocean alkalinity in experiment BGC,
similar to the approach of Brovkin et al. (2019), to be able to approximately simulate CO5 levels like those reconstructed from
ice cores. Both experiments run with the dynamic methane cycle of Kleinen et al. (2020), which computes atmospheric levels
of CHy, although in this case it is only a diagnostic concentration and does not induce radiative forcing changes. Prescribed ice
sheets in LGC follow the GLAC-1D reconstruction (Briggs et al., 2014; Tarasov et al., 2012), while in BGC we use the ICE-6G
reconstruction (Peltier et al., 2015). Hence, differences in topography and meltwater history between ice-sheet reconstructions

also affect experiment comparisons (e.g. Kapsch et al., 2022).
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We include in our analyses also the experiments D2.1 and D2.2 from Mikolajewicz et al. (2025), which for clarity in our
case appear labelled as ICE2.1 and ICE2.2. The main reason to complement our experiments with these other two is that in
previous work we noticed a lack of millennial-scale variability in our runs with prescribed ice-sheets (Duque-Villegas et al.,
2025). Because ice-sheet and solid-Earth dynamics, as well as iceberg calving, were interactive in these ICE experiments,
Heinrich-like cooling events could emerge unforced in the simulation, providing insight into rapid climate responses. Further-
more, Mikolajewicz et al. (2025) re-tuned some model parameters in these experiments, due to poorly constrained processes
like ocean background mixing and atmospheric cloud properties. Including both experiments therefore broadens our simula-
tion variability range and provides a more robust basis for identifying features that consistently emerge across experiments.
Unlike LGC or BGC, these ICE experiments included an additional forcing factor in the form of stochastic volcanic variability
from the PalVol v1 reconstruction (Schindlbeck-Belo et al., 2024). Further important differences explain why we expect ICE
experiments to have less extra-tropical tree cover than the LGC or BGC ones: first, the ICE experiments had a slightly higher
energy threshold for extra-tropical tree growth (known as the minimum of growing degree days or GDD), and second, the ICE

experiments had stronger wind damage effects (wind-break and wind-throw).

3 Results

For all experiments we produce global data sets averaged at a centennial resolution and in the analyses we ignore the first 1 kyr
of each simulation to avoid the effects of initialization adjustments. The results focus on the evolution of terrestrial vegetation
and the global carbon cycle. For deviations relative to a preindustrial state (PI) we use the time average of 1 ka to O ka (1 kyr)
of a simulation as a reference. We start by evaluating simulated trends in large-scale mean values and afterwards we study how

vegetation changes translate into terrestrial emissions of GHG.
3.1 Global and hemispheric trends

At the start of the LGC simulation, near the Last Interglacial (Eemian) around 125 ka, the planet warms very slightly (+0.5 K)
above preindustrial levels (Fig. 2a), briefly for a few centuries, and thereafter a prolonged cooling trend evolves until reaching
a global minimum near the LGM at about 24 ka, that is some 5 K colder than the preindustrial era. This is a slightly smaller
change than the estimates of almost 6 K of Tierney et al. (2020) or 7 K of Osman et al. (2021). After this, the planet warms
again into the Holocene. The BGC and ICE experiments follow LGC in the warming trend out of the LGM, yet BGC evolves
slightly warmer into the Holocene. In comparison with the temperature reconstruction of Snyder (2016), the simulations un-
derestimate deviations from PI. Nevertheless, the simulations stay close to uncertainty intervals and evolve rather similarly as

the reconstruction.

Superimposed on the global temperature trends there are some brief cooling excursions, related to severe weakenings of the
Atlantic meridional overturning circulation (AMOC), from its maximum strength at 26.5° N below 400 m depth (Fig. 2b). It
weakens most markedly before the Holocene onset, near the early boundary of Marine Isotope Stage (MIS) 1. The experiments

LGC and BGC have a near-complete shutdown of AMOC around the strong Meltwater Pulse 1la (MWP-1a) near 14.5 ka,
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Figure 2. Simulated climate globally: (a) change from preindustrial mean near-surface temperature (Tai;) compared with the reconstruction

by Snyder (2016); (b) maximum Atlantic meridional overturning circulation (MOC) near 26.5° N and below 400 m depth; (c) Northern

Hemisphere (NH) net CO» flux from land into the atmosphere; (d) continental rainfall within the monsoon region calculated like Liu et al.

(2009) in the NH tropics (NHtrop) from 0° to 30° N; and (e) forest cover in the NH extra-tropics (NHxtrop) from 30° N to 90° N. The

horizontal time axes separate the last glacial period and deglaciation. Vertical light shading shows isotopic stages like in Fig. 1, while dark

and coloured vertical shading in (b) to (e) highlights labelled cooling events in the North Atlantic.
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synchronous with a global cooling of about 1 K. Such variability agrees with previous simulations in Kapsch et al. (2022).
LGC additionally shows substantial AMOC weakening during Meltwater Pulse 1b (MWP-1b) near 11.5 ka. The experiments
ICE2.1 and ICE2.2, having a differently tuned ocean mixing and dynamic ice sheets, result with a weaker AMOC than LGC
or BGC, and they lack the severe MWP changes. Instead, ICE2.1 and ICE2.2 exhibit repeated weakening spikes related to
Heinrich-like surge events (Mikolajewicz et al., 2025). In Fig. 2b we label these quick AMOC excursions sequentially, and
note that the strongest AMOC weakening happens at spikes 1, 4, and 6, almost matching the MWP-1a change, though only
briefly.

Temperature and AMOC variations have a clear impact on the net balance of terrestrial carbon (Fig 2c¢). In all simulations,
the time-averaged net CO4 flux from NH land fluctuates closely around zero net exchange, except when strong AMOC dis-
turbances occur. Soon after the AMOC weakens, the NH land turns into a net carbon source of somewhere between nearly
0.15Pg Cyr~! to over 0.40 Pg Cyr—!, depending on the experiment and AMOC disturbance. However, as Atlantic circula-
tion is restored, NH land switches into a carbon sink of similar magnitude. Experiment ICE2.2 shows strong source spikes at
events 1 and 4, but the subsequent sink response is much more muted. How much carbon remains in the atmosphere depends
on the duration of source and sink periods; we look more closely at the land interaction with the atmospheric and oceanic

carbon cycles when we focus on experiment BGC in Section 3.4.

The relationship between AMOC variability and the carbon cycle is complex, but we initially focus on moisture changes and
consider what happens to rainfall within the tropical monsoon domain in the NH (Fig. 2d). We estimate the monsoon domain
according to Liu et al. (2009). The hemispheric monsoon moisture trend in experiment LGC shows quasi-periodic variations
with peak levels at the start of warm MIS stages, resembling orbital cycles (see Fig. 1a), and it becomes drier as it approaches
the LGM. Such slow cycles also appear in moisture-related proxy data from Brazil (Cruz et al., 2005) and Asia (Cheng et al.,
2016). Yet if we look closely at experiments ICE2.1 and ICE2.2 during the early part of the deglaciation, we see that the faster
AMOC variability spikes are also superimposed over the monsoon rainfall trend. Experiments LGC and BGC also display a
weakening AMOC effect on tropical moisture during MWPs before the Holocene onset, because of the severe disturbance to
ocean circulation. That a weaker AMOC modifies the meridional Atlantic sea-surface temperature (SST) gradient and leads to

a displacement of tropical rain bands has been found in geological records and simulations (Lawman et al., 2025).

Beyond the tropics in the NH, vegetation on land also changes slightly in connection with AMOC variability (Fig. 2e). In
the LGC experiment, the trend of forest cover extent in the northern extra-tropics fluctuates with precessional pace around
almost 20 x 10% km?2. There is a minimum forest extent of about 6 x 105 km? at the LGM. Unlike experiments LGC and BGC,
the ICE2.1 and ICE2.2 experiments have substantially less forest cover in this region, not only because of the different GDD
parameter for extra-tropical trees, but also because these experiments simulate stronger wind damage (see end of Section 2.2).
Despite having less forest, experiments ICE2.1 and ICE2.2 still show small kinks in forest cover tracking the Heinrich-like
events. A much larger change in forest cover occurs in LGC and BGC during MWP-1a, when almost 2 x 10% km? are quickly

lost and soon afterwards recovered, with a sharp rise in forest cover as both experiments transition into MIS 1.
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Figure 3. Biomes of simulated vegetation cover fractions in the LGC experiment, according to the method of Dallmeyer et al. (2019), for:
peak warm MIS 5 stages (at 126, 104, and 83 ka); near the LGM (at 21 ka); the Bglling—Allergd (near 14 ka); the early (around 11 ka) and
middle (at 6 ka) Holocene; and PI state (at 0 ka). Reconstructed biomes from pollen data (filled circles) are taken from Hoogakker et al.

(2016) and Li et al. (2025) as explained in the main text. See the online version for a close comparison with pollen data.
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3.2 Vegetation of the last glacial cycle

Simulated climate results in the vegetation patterns shown as mega-biomes for selected intervals in Fig. 3. Biome groups are
useful in this case to summarize in a single map the simulated cover fractions of multiple plant functional types (PFTs) at
each grid point, while taking into account bioclimatic limits according to the simulated climate (Dallmeyer et al., 2019). For a
qualitative comparison, we also overlay available pollen-based reconstructions: from Hoogakker et al. (2016) for times before
the LGM (using a 7-kyr search width because of temporal resolution differences) and from Li et al. (2025) for times between
LGM and the preindustrial era. The reconstruction of Li et al. (2025) aligns perfectly with our model grid because they included

the model we use in their methods.

Considering that both field evidence and reconstructions are clustered in North America, Europe and eastern Asia, and that
most reconstructions that exist reach only as far back as the LGM, we nevertheless find a reasonable overall representation of
shifting vegetation during the full glacial cycle. Some notable discrepancies occur in Beringia, where the model favours tundra
cover rather than the boreal biome, and in Europe near the Bglling—Allergd (BA) warming around 14 ka, where the opposite
occurs with the model simulating forest cover where reconstructions show tundra. Also in northern Africa, although Saharan
greening is simulated, it is weak compared with pollen-based reconstructions which suggest forest cover where the model
simulates grass cover. Yet the simulation agrees with reconstructions about the position of the boreal treeline in Eurasia around

the mid-Holocene (6 ka), as well as about an east-west partition of temperate versus boreal forest biomes in North America.

The most striking land-cover changes during the entire glacial cycle are, firstly, the boreal forest replacement by tundra in
eastern Eurasia as the planet cools approaching the LGM (compare 126 ka and 21 ka in Fig. 3), and secondly, the northward
extension of savanna and forest cover during episodes of Saharan greening in northern Africa (compare any of 126, 104, 83,
and 6 ka with Oka). It is also interesting to see the encroachment of a narrow ice-free corridor in North America during the
early Holocene near 11 ka by boreal tree cover, because it demonstrates the speed of vegetation spreading into ice-free land in
the model (this also happens in the BGC, ICE2.1 and ICE2.2 experiments; not shown). In the inner tropics (south of 5 ° N) the
largest changes also include the break-up of the tropical forest biome in the Amazon, as the planet approaches the LGM. Only

a core northwest-southeast transect remains always as tropical forest biome in the Amazon.

Biomes in Fig. 3 are in broad agreement with the BIOME4 estimates by Hoogakker et al. (2016) and the LPJ-GUESS esti-
mates by Allen et al. (2020). Despite differences in spatial resolutions and ice-sheet reconstructions, the patterns usually place
similar biomes around similar locations within close time intervals. Some notable differences are, first, that our experiment
LGC simulates larger subtropical deserts in the Southern Hemisphere (SH), and second, that biome patterns from LGC have a
more zonal west—east structure. Hoogakker et al. (2016) also consistently show a greater extent of grasslands across the NH,

in places where our LGC simulation shows forest cover, like in northern Africa and the high latitudes.

10
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Figure 4. Types of vegetation change in experiment LGC: (a) highly dynamic vegetation zones; (b) maximum potential for PFT composition
shifts within a 1 kyr interval; (c) fire damage hot spots; and (d) wind damage of woody types. All panels have cryosphere-driven regions with
ice sheets (IS) and shelf exposure (SH) masked out (nan). Regions where total vegetation cover is always below 10 %, or where maximum
disturbance damage affects are less than 1 km? are also masked out. The weak (W), moderate (M), and strong (S) classification is based on
terciles (cutoff points at 1/3 and 2/3 percentiles) of the standard deviation of the respective land variables. Parentheses show labels for each

coloured region. Compositional change is based on the maximum squared-chord distance of all PFT fractions at 1-kyr steps.

3.3 Classification of vegetation change

The reconstruction of biomes helps us to broadly assess model performance. However, the distinction between vegetation
classes and geographic ranges is not as relevant for the global carbon cycle as the patterns of change that reflect land transfor-
mations capturing or releasing carbon in exchange with the atmosphere. Figure 4 separates types of vegetation changes that, by
varying degrees, affect the global carbon cycle in experiment LGC. We first mask out the regions where the vegetation response
during the glacial cycle is strongly affected by the ice-sheet reconstruction, as well as by its concomitant sea level adjustment
(continental shelf areas). Next, we classify variability changes based on terciles of the standard deviation of the entire glacial

cycle for specific land surface variables: “weak” (W) is below a one-third cutoff in variation, while “strong” (S) is above the
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two-thirds mark in variation, and what is left in between are “moderate” (M) changes. We also use absolute magnitude values
to mask out places where total vegetation is never above 10 % cover, and where the maximum disturbance damage affects an
area smaller than 1km?. We define specific region labels based on keywords and the tercile initials: change (WC, MC, and
SC), turnover (WT, MT, and ST), fire (WF, MF, and SF), and wind (WW, MW, and SW).

Vegetation change hot spots are found by analysing changes in total vegetation cover at each location, and they highlight
regions with pronounced growth or die-back phases, as well as transition areas with shifting vegetation boundaries (Fig. 4a).
Compositional changes are detected from the simultaneous analysis of the multiple PFT cover fractions (Fig. 4b), by calculating
the square-chord distance (SCD) between consecutive time steps at 1-kyr spacing (e.g. Overpeck et al., 1985). SCD is an index
that is bound between 0 (identical composition across 8 PFTs) and 2 (completely different compositions). In this case we
compute the time-maximum possible compositional change and classify the changes using again tercile cutoff values of 2/3

and 4/3 (because of the 0 to 2 range of the index).

As expected, the regions with the largest changes are generally transition areas that surround densely vegetated centres, like
in the tropics and eastern Asia (Fig. 4a). These transitional areas have a vegetation-growth front that expands northward across
northern Africa and south-eastern Asia. Both are regions where monsoon rainfall is enhanced during globally warm periods
(see Fig. 2d). Much of Europe, sitting downwind from the Laurentide ice sheet and close to the Fennoscandian ice sheet, also
has a strong variability in vegetation cover. Similarly, there is strong variability following the northern Atlantic coastline of
South America into Central America. Conversely, over much of the Amazon, central Africa, the Afro-Asian desert corridor,

eastern Asia, the Maritime Continent, and Australia, total vegetation changes only weakly across the entire glacial cycle.

However, regions with little change in total coverage can still experience compositional shifts in PFT fractions at scales
relevant for the global carbon cycle. Here we focus on maximum possible composition turnover after one millennium. For
instance, Fig. 4b shows an arc of moderate turnover in eastern Siberia, where there is taiga-to-tundra replacement; also visible
in Fig. 3. We detect a strong, ring-like, composition shift in the Amazon, at the edges where tropical forests can be replaced by
savanna or warm temperate mixed biomes. In northern Africa, the concentrated turnover region matches the highly dynamic

vegetation change hot spots, as expected when close to nil PFT fractions are replaced with at least some vegetation cover.

Shifting vegetation margins and composition re-shuffling in the LGC experiment are mainly related to CO4 and climate-
driven adjustments in net-primary productivity (NPP) and PFT-competition that modify growth rates around the globe. As a
reference, experiment LGC simulates a drop in global NPP from the preindustrial reference by about 50 % near the LGM
(from 62.2 Pg Cyr~! to 31.3 Pg C yr—1). In addition, vegetation dynamics in the simulation also depend on disturbances that
vacate land fractions for new PFT growth. In the model there is damage by fire equally for all PFTs, or wind-break and wind-
throw damages only on woody plant types. Figure 4c shows that the largest fire-induced changes happen around the tropics,
especially in Africa and India, whereas the largest wind-induced damages occur in northeastern Eurasia, as well as on both
North American and European coasts on the Atlantic (Fig. 4d). Although fire and wind disturbances have a comparatively
smaller impact on the natural land cover than climate or productivity changes, they complete the set of forces acting on

vegetation cover and help understand the patterns in Figs. 4a and b.
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Figure 5. Changes in regional totals from experiment LGC as predicted by atmospheric CO2 and a lagged orbital monsoon index (mindex)
after fitting generalized additive models (GAMs) of: (a) tree cover extent; (b) net primary productivity (NPP); (c) land carbon storage; and
(d) net methane emissions. The orbital predictor is lagged by 1.5 kyr. Regions SC and WC are the same from Fig. 4a, but narrowed down
here to only the NH (SC NH: 0-90° N), or the tropics (WC TRO: 30° S-30° N). Centrelines (solid lines) are the simulated values from the

LGC experiment, while enclosing shading shows GAMs prediction intervals. Parentheses show the adjusted R? of each fit.
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3.4 Terrestrial carbon at orbital scale

Patterns of vegetation cover change and disturbance activity also define the terrestrial storage of carbon and its exchange with
the atmosphere. They reflect a redistribution of standing biomass, litter production, and carbon accumulation in the soils, while
changing environmental conditions alter the balance between NPP (atmospheric carbon sink) and soil respiration (atmospheric
carbon source). Fires result in direct CO5 emissions, while wind damage moves carbon into the soil carbon pools, where it turns
into CH4 emissions under anaerobic conditions (inundated areas in the model). Changes in these natural emission pathways
are summarized in Fig. 5 for the LGC experiment in two hemispheric regions with distinct vegetation dynamics: the strongly
variable parts of the NH (SC NH) versus the weakly changing parts within the tropics (WC TRO), as defined in Fig. 4a. Even

though these regions cover vastly different territories, they both amount to areas slightly larger than 27 x 10% km?.

Over these two regions, the simulated changes in tree cover (Fig. 5a), land NPP (Fig. 5b), land carbon (Fig. 5¢), and net
methane emissions (Fig. 5d) all show two different modes of variation: one sinusoidal pattern with positive phases during warm
intervals (e.g. MIS 5Se, 5c, 5a, and 1), versus a long-term decline pattern with a sharp rebound after the LGM. Such temporal
patterns resemble the contrast between the time series of a periodic orbital forcing (Fig. 1a) and a trend-driven CO4 curve
(Fig. 1b). In fact, we are able to skilfully predict these variations using the forcing data as predictors of generalized additive
models (GAMs; Simpson, 2018). In the models we use ten cubic splines and as predictors we have either CO5 alone or together
with the orbital monsoon index (mindex). In this case we lag the orbital monsoon index by some 1.5 kyr to improve the GAM
fits slightly, because this index is a boreal summer metric, while the vegetation cover peak is also a function of having tolerably
cold winters, which are in anti-phase with peak summer insolation. In Fig. 5 the GAMs are shown according to their prediction

intervals (at 95 % level) and we report the adjusted R? values as goodness-of-fit scores that measure explained variance.

Only for the changes in tree cover in the tropical WC TRO region there is a poor GAM fit using CO4 alone as a predictor. For
the rest of the variables the GAMs reproduce the regional variations rather well. Although it is possible that more complicated
fitting techniques or other additional sets of predictors improve the GAM skill in each case, we find that this approach already
shows that global trends at orbital scale in the carbon cycle can be represented as simple functions of such known forcing
variables. While land carbon in parts of the NH (e.g. Sahara) changes strongly according to orbital precession and CO, levels,
in other regions such as within the tropics, where vegetation cover stays high and fairly constant, land carbon changes mainly

according to COs, alone.
3.5 Marine carbon contribution

Net natural carbon emissions from land are often counterbalanced by ocean regions that capture COs. Such ocean regions
also changed physically and biochemically during glacial cycles, making it difficult to predict (i.e. model) when carbon stays
airborne and for how long. In experiment BGC we investigate the interaction between land and ocean branches of the global
carbon cycle during the interval from the LGM till the mid-Holocene (Fig. 6). Because there are still open questions about the
deglaciation carbon budget, we resort to alkalinity nudging in this experiment to reproduce a realistic evolution of simulated

atmospheric levels of CO5 (e.g. Brovkin et al., 2019). Without alkalinity nudging the model can simulate only a fraction of
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Figure 6. Ocean contribution to deglaciation carbon emissions in experiment BGC: (a) net flux of CO2 from land (Fi,¢) and ocean (Focn)
to atmosphere; (b) simulated atmospheric levels of CO2 and CHy; (c) land and (d) ocean maximum potential for CO2 emissions (source

potential) within time interval around MWP-1a (gray in a and b), as well as (e) and (f) respectively, but for minimum potential (or sink

potential); and (g) and (h) are zonal sums of potential land or ocean sources and sinks.

the roughly 90 ppmv deglacial rise in CO5, and although our results could still show similar trends as in experiment BGC, all

carbon fluxes and vegetation changes would be much more subtle.

In our model simulations as the planet warms out of the LGM, terrestrial productivity increases and the land is a net carbon
sink (taking up some 0.2 Pg C yr—!), which lowers atmospheric partial pressure of CO5 and the ocean becomes a net carbon
source (Fig. 6a). These trends last until MWP-1a near 14 ka, when the sudden AMOC weakening turns the land briefly into a net
source of carbon of almost 0.4 Pg C yr~!. Some of this carbon, however, is simultaneously compensated for by equally briefly
ocean capture due to a much colder North Atlantic (about 0.2 Pg C yr~! uptake). Because not all carbon is captured by the
ocean, we see a sudden rise in atmospheric levels of CO4 (Fig. 6b). Conversely, during this time methane levels drop sharply.
Following MWP-1a, terrestrial ecosystems recover their post-glacial productivity and return to acting as a net carbon sink, with
high carbon uptake rates persisting for several centuries and drawing atmospheric CO2 down. In sum, for atmospheric CO4
this MWP-1a disturbance results in a sudden rise by almost 10 ppmv, followed by a quick drop of about 6 ppmv, all within
a few centuries. Methane has a more drastic oscillation of about 150 ppbv. After the simulation arrives at the Holocene, the

balance between land and ocean fluxes is restored, leaving approximately 260 ppmv of CO; in the atmosphere by the end of

the experiment (as expected according to the nudging and Fig. 1b).
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The spatial patterns of these carbon transfers are difficult to analyze because sources and sinks are often changing. In Fig. 6¢
to 6f we focus on a time interval around MWP-1a, and separate the extreme values of land and ocean contributions, which
are also zonally aggregated in panels Fig. 6g and 6h. The strongest potential for land carbon sources occurs within the tropics,
inside the 0° to 30° N band (Fig. 6g), with a clear peak at 9° N. This peak coincides with the location of a precipitation
maximum, linked to the Intertropical Convergence Zone (ITCZ) position during boreal summer, calculated according to Adam
et al. (2016), which suddenly shifts southward by almost 1° during this time (see Fig. S4 in supplement). The subsequent
recapture of carbon by the land sink appears symmetrically opposed to the sources, although it is worth remembering that
timing at each grid point may differ within this interval. The symmetry means that the same vegetation cover that is lost, grows
again after the disturbance. In the ocean a general structure is maintained, with the tropics always being a net source of carbon
and the extra-tropics almost always being a net sink (Fig. 6h). However, in Fig. 6f we see what happens when the AMOC is
weaker, which is when the colder NH ocean becomes a larger net sink, while in Fig. 6d we see how the Southern Ocean south

of Africa becomes a net source at some point within the time interval around MWP-1a.

3.6 Fast carbon transfer rates

The strong response of vegetation cover to large and sudden meltwater pulses constitutes a fast interaction timescale in the
global glacial-interglacial carbon cycle that requires only a few centuries. The coupling mechanism has the largest conse-
quences for the NH tropics (Fig. 6g), where net emissions of CO5 during MWP-1a represent about 70 % of the global emissions
(Fig. 7a). In experiment BGC, for instance, this amounts to a woody cover loss of almost 4 x 10° km? within six centuries,
together with a loss of herbaceous types close to 1 x 10 km?. Beyond MWP-1a, the simulation LGC also shows fast CO5
outbursts before the Eemian interglacial (Fig. 7a), in response to meltwater disturbances, as the ice sheets from the penultimate
glaciation break up, and again before the start of warm MIS 5c stage (see meltwater in Fig. 1d). Experiments ICE2.1 and ICE2.2
also have repeated CO- outbursts corresponding with all of the numbered Heinrich-like events, except event 3, although some
of these have only about half the magnitude of the others (from LGC and BGC) during MWP-1a. Heinrich-like event number
3 probably happened too closely after event number 2 for vegetation to have been completely restored. While comparing these
outbursts between LGC, BGC and the ICE experiments it becomes important to remember that ICE experiments have overall

less forest cover, which also limits the magnitude of these outbursts.

Methane emissions from the tropical NH resemble the pattern in Fig. 5d, bearing the orbital precession signal. However,
when we take the time (first-finite) derivative of these emissions (Fig. 7b), we can identify sudden changes in the rate of
emissions that we consider methane “outbursts” when positive, or “slowdowns” when negative. These events tend to happen
during cold isotopic stages, preceding the beginning of warm phases, yet this is not always the case, and the correspondence
with CO; fluxes is weak outside of the strong meltwater events before the Eemian and Holocene interglacials. Besides soil
carbon, methane production (and subsequent release) also depends on temperature and moisture, therefore sudden changes
require a strong enough disturbance to make all three variables respond quickly. ICE experiments did not include the dynamic

methane component, so their Heinrich-like events do not appear in the methane analysis.
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Figure 7. Fast carbon transfers from land GHG emissions within the tropical NH (0° to 30° N) from (a) the net flux of CO3 in all experiments,
as well as (b) the time derivative of the net CH4 emissions only in experiments LGC and BGC. Outliers are detected using z-scores of the
median of absolute deviations from the median and a cutoff value of 4. Besides the vertical bars of isotopic stages like in Fig. 2, there is dark

and coloured vertical shading representing events of strong cooling of the North Atlantic.

4 Discussion

Experiments LGC, BGC, ICE2.1, and ICE2.2 together capture the salient dynamics of the last glacial-interglacial cycle:
orbitally induced variations in insolation, changing atmospheric CO5 levels, biome shifts, methane from wetlands, abrupt
cryosphere—ocean interactions, and marine carbon exchange with the atmosphere. We have simulated the trajectories of the
global carbon and methane budgets, featuring distinct timescales of change depending on specific drivers which are especially
relevant for low-latitude regions without ice-sheet growth. First, a productivity fluctuation tracking CO2 with little cover
change (Fig. 5), second, a precession-paced redistribution of terrestrial carbon stocks and methane emissions (Fig. 5), and third
a meltwater-controlled abrupt release of tropical carbon (Fig. 7). These interactions relate to the different response times of
vegetation cover to environmental change, according to effects on productivity, cover types competition, bioclimatic limits, or

disturbances, which combine to produce biome shifts and variable GHG emissions.

17



345

350

355

360

365

370

375

https://doi.org/10.5194/egusphere-2026-5687
Preprint. Discussion started: 2 November 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

4.1 Natural CO, fertilization of quasi-static biomes

That elevated levels of atmospheric CO2 enhance net carbon fixation via photosynthesis is an effect known in the context
of rising anthropogenic emissions as “CO; fertilization” (Ainsworth and Long, 2005). Even though plant responses to CO4
changes are complex (Korner, 2006) and in spite of atmospheric CO5 being almost always below preindustrial levels in our
experiments (Fig. 1b), we also use this term to refer to the ecophysiological effects of COy on net vegetation productivity
(Gerhart and Ward, 2010). Claussen et al. (2013) found that in a previous version of the model we use such effects alone
explain most of the glacial “thinning” of vegetation at the LGM, with a secondary contribution by the thermodynamic effects
of lower COy levels. The reduction in LGM productivity by about 50 % in our experiments is well aligned with previous
estimates (Prentice et al., 2011; Ciais et al., 2012). Other studies have found that this fertilization effect may be overestimated
in the model (Kleinen et al., 2023; Dallmeyer et al., 2026), possibly because it lacks a component for soil nutrients limitation
(Gier et al., 2024), or photosynthesis parameters may need an adjustment (Rogers et al., 2017). However, the exact cause

remains unclear.

Since CO4 is a well-mixed gas, CO fertilization occurs globally and continuously during glacial cycles (Yang et al., 2022),
but what we find in the LGC simulation is that it alone is not sufficient to predict changes in the terrestrial carbon budget
everywhere. Only for “quasi-static” landscapes with small changes in vegetation (WC in Fig. 4a) can the CO; trajectory
alone predict carbon accumulation on land, as well as the corresponding methane emissions (Fig. 5). This includes a large
fraction of the tropics, where Lu et al. (2019) and Chen et al. (2019) also found CO5 to be a good predictor of forest cover
and the carbon sink, alongside temperature. However, also for the tropics some proxy data and simplified modelling found
that hydroclimate changes are better predictors of the woody vegetation changes (Adam et al., 2021; Gosling et al., 2022).
Rather than contradicting our results, this highlights the spatial complexity of the vegetation response, and demonstrates that a

classification as shown in Fig. 4 can be useful to separate drivers.

For the regions where vegetation cover changes only slightly, the CO, fertilization effect is a dominant forcing and cor-
responding terrestrial fluxes are a function mainly of the prescribed COq trajectory (Fig. 1b), rather than of internal model
dynamics. Hence, the possibility of simulating fast (or abrupt) carbon transfers with the atmosphere from such places is largely
dependent on input data in concentration-driven experiments like LGC or ICE. In other words, the variability pattern is fixed at
the outset. The magnitude of the regional total, however, still depends on simulated vegetation percentages, which by definition

in weakly changing regions amounts to changes of small amplitude.
4.2 Precession-paced biome shifts

In the case of highly variable ecotone-like regions, CO- fertilization by itself is not sufficient to predict the carbon cycle
evolution and we must include the precession orbital cycle. Figures 2d and 2e already show the precession-paced dynamics that
explain the carbon cycle fluctuations we observe in Fig. 5, at least for regions in the NH that are far from ice margins and change
total vegetation drastically: there are slow fluctuations with a multi-millennial period whose phases of high carbon storage and

high methane emissions coincide with warm isotopic stages. Precession controls not just the hydroclimate changes near the
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tropics that modulate monsoon rainfall strength (Fig. 2d), but also the occurrence of favourable extra-tropical temperatures that
promote boreal tree growth (Fig. 2e). Claussen et al. (2006) showed with a model of intermediate complexity how the vegetation
response globally amplifies the precession signal during glacial cycles. Precession explains the biome reorganization leading
to Sahara greening (Duque-Villegas et al., 2025) and the northeastern Siberian taiga-tundra boundary shift (Tian et al., 2018)
depicted in Fig. 3. Meanwhile in the SH the orbital trends are anti-phased (see Fig. 1a), and it leads to carbon accumulation in

SH subtropical deserts during (NH) cold isotopic stages (not shown).

Such multi-millennial scale variability in the global carbon cycle can also be seen in the global biomass results of Allen
et al. (2020), who ran offline simulations with a land-carbon-only model. In a follow up study, Huntley et al. (2023) also found
that global biomass for the last eight glacial cycles could be predicted with notable success using only atmospheric CO5 and
solstice insolation at 65° N (which also carries the precession signal). The amplitude of the terrestrial carbon variation (some
150 Pg C) also agrees with our results, although Huntley et al. (2023) show global values while we have selected only specific
regions in the NH shown in Fig. 4a. Agreement with previous studies that used other Earth system models suggests that our

results are not entirely model-dependent.
4.3 Fast meltwater-induced vegetation change

Not all variations in the terrestrial carbon cycle can be predicted using just CO» fertilization and orbital cycles. In Fig. 5 there
are clear sub-millennial excursions that represent shifts in large amounts of land carbon and greatly impact methane emissions,
appearing also as “outburst” GHG emissions to the atmosphere in Fig. 7. The connection to a weakening of North Atlantic
circulation emerges from the study of the meltwater pulses preceding the Holocene in experiment LGC and the Heinrich-like
events in the ICE experiments. The link provided by this mechanism is similar to the hydroclimate changes that explain the low-
latitude reorganization of biomes at orbital pacing: a meltwater-induced sudden meridional displacement of tropical rainbands,
which in turn affects monsoon moisture transport, as well as vegetation productivity and survival. Our finding that the ITCZ
can be displaced briefly after North Atlantic cooling by about 1° also agrees with other models (McGee et al., 2018). The
sudden ITCZ shift quickly turns the tropical NH into a fast source of terrestrial carbon, as suggested by proxy data (Legrain
et al., 2024; Riddell-Young et al., 2025).

Whether the carbon released from land remains in the atmosphere depends not only on the effects of the AMOC weakening
on marine biogeochemistry (Gottschalk et al., 2019), but also on the terrestrial response in the opposite hemisphere, as the
AMOC changes can induce inter-hemispheric shifts in the ITCZ and associated tropical rain belts. Based on the BGC and ICE
experiments, our results support the idea that during episodes of abrupt North Atlantic cooling, the NH land likely contributed
sufficient GHG emissions to register centennial-scale jumps in atmospheric concentrations of GHGs in ice cores, both during
the last deglaciation (Marcott et al., 2014) and the entire glacial period (Bauska et al., 2021). Indeed, Fig. 6a shows that first
the land releases carbon (some of which the ocean draws down), and only later as NH vegetation recovers together with the
AMOC, does the ocean release carbon as well. Figure 4 then highlights the most probable source regions according to our

simulations.
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4.4 Missing high-latitude land processes

A key limitation of our study is the lack of peat and permafrost formation modelling. Treat et al. (2019) and Miiller and Joos
(2020) demonstrated how peat accumulation and burial during past warm and cold phases of the last glacial cycle have a
substantial impact on the global carbon cycle. In fact, a reconstruction of soil carbon by Lindgren et al. (2025) showed these
cold carbon stocks were large enough to have a notable contribution to glacial-interglacial variations of atmospheric COs;
therefore reducing the burden on ocean carbon outgassing during deglaciation phases. Because here we essentially focus on
geographic and productivity changes in vegetation near the low latitudes, we must consider our results as providing only a

conservative baseline for terrestrially sourced emissions of GHGs.

5 Conclusions

Explaining the variations during glacial cycles of trace GHG concentrations in ice-core data is still an outstanding challenge that
is crucial for projecting plausible trajectories of a changing climate-carbon system. Here we present new transient simulations
that, unlike previous research with low-dimensional or uncoupled model components, take advantage of a comprehensive Earth
system model adapted for experiments over glacial cycles with a changing cryosphere. Our analyses focus on the impact of
vegetation changes on the evolution of the global carbon and methane budgets over the last 130 000 years of the late Quaternary.
The experiments together include not only dynamic climates and vegetation cover, but also interactively calculated ice sheets
and atmospheric levels of CO2 and CH,. They reproduce realistic values that seem in reasonable agreement with proxy data
and previous literature, although our performance assessment is mainly of a qualitative nature, since much other previous work

elsewhere has evaluated the model we use.

We find that vegetation responses to past climate change contribute markedly to simulated variations of CO2 and CH4
concentrations in the atmosphere. A magnitude-based classification of vegetation cover variability helps us separate “quasi-
static” and “highly dynamic” regions, which clearly accumulate carbon on land reservoirs at different rates during warm
and cold periods, thereby interacting differently with the global carbon cycle. Quasi-static regions, predominantly within the
tropics near the equator, change landscape vegetation only slightly, and it makes terrestrial carbon storage predictable from the
COx, fertilization effect alone. Conversely, regions where vegetation cover changes drastically, like at the fringes of monsoon
domains, follow a clear precession signal in carbon allocation, which also propagates to GHG emissions, and we can predict
land carbon changes with a combination of CO4 values and a precession-controlled orbital index. At a sub-orbital scale, we
also find that fast vegetation responses, mainly within the low latitudes of the NH tropics, during meltwater-induced strong
weakening of the North Atlantic circulation, can lead to fast jumps in simulated CO5 and CHy levels. A similar mechanism
of shifting hemispheric and monsoon rainbands underlies both precession-paced and meltwater-induced vegetation cover and

productivity changes, and we can skilfully predict the subsequent variability in atmospheric GHG levels of terrestrial origin.

These findings can help to understand multi-centennial and multi-millennial signals in proxy records that may be otherwise

difficult to explain from ocean biogeochemistry alone. Furthermore, they show that it is key to understand vegetation dynamics
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over monsoon regions and biome transition zones, which are still difficult to represent in Earth system models and have persis-
tent climate biases. According to our results, precession-meltwater-vegetation interactions need to be dynamically resolved in

climate models to obtain plausible climate-carbon trajectories in future projections.
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