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Abstract

The increased atmospheric CO: level is widely recognized as a primary driver of global greening
(a 30% increase in GPP since 1900). It raises the question whether such an increased CO: level is
also a necessary condition for a large GPP. This paper evaluates whether CO- levels during
historical periods of similar or more greenness as today, are consistent with the widely held view
that CO: levels remained below 300 ppm over the past 800,000 years, as indicated by Antarctic
ice core records. Employing Mitscherlich’s Law, the research models the global GPP response to
increasing CO:, based on the mean value of eight different long-term GPP datasets. It illustrates
a diminishing return of vegetation associated with rising CO2, as additional factors such as
nutrient and water availability impose constraints on the fertilization effect. Due to this
diminishing return the average residence time of CO- in the atmosphere increases significantly
with higher GPP values. High CO: levels, similar to today's, were therefore necessary for
comparable GPP during green periods like 10,000 years ago. A CO: concentration of 280 ppm
would only be possible if nature’s response to CO: were fundamentally different from what we
observe today, with other constraining factors exceptionally more favorable. Natural fluctuations
of the atmospheric CO2 concentration can be well explained, based on the strong temperature
dependence of the degeneration of carbon compounds that are stored in large quantities in the soil
and the oceans.
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1. Introduction

Global greening refers to the observed increase in the amount of green vegetation, such as plants
and trees, across the planet. The terrestrial Gross Primary Production (GPP) has gone up by more
than 30% since 1900. Multiple studies have identified the growing atmospheric CO: concentration
as the dominant driver of this greening (Haverd et al., 2020; Lai et al., 2024). The present level
of greenness in terms of GPP is, however, not exceptional. In the history of the Earth there have
been many fluctuations in the amount of vegetation. As an example, we use the situation 10,000
years ago, when there was 50% more forest area on the planet than there is today (Ritchie, 2021).
In this study we investigate the relationship between the (historical) levels of greenness in terms
of GPP and the atmospheric CO: concentration. The general accepted belief, based on ice core
records of Antarctica, is that CO2 levels were much lower than today, typically around 280 ppm
and for a period of 800,000 years less than 300 ppm (Liithi ez al., 2008; Bereiter et al., 2015). We
want to determine how likely it is that these low concentrations match with a level of greenness
that is equal or higher than the present level, or if a higher atmospheric concentration is needed
to explain historical GPP levels.
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For carbon dioxide the atmosphere can be regarded as a well-mixed container with natural up and
down fluxes to and from land and oceans. At any moment t in time the residence time t(t) is
defined as the average time CO: remains in the atmosphere in years and is equal to the total
atmospheric CO2 mass c(t) divided by the global down flux ds(t) per year, which leads to:

c(t) = dg(t) - 7(t) (1

The recent global greening is reflected in the increase of the carbon fluxes to and from the
atmosphere, and a longer residence time, since 1750. See Table 1. The down flux has increased
by 29% and the residence time by 16%. Together they explain the increase with 50% of the CO:
level (Schrijver, 2024).

Table 1: Changes in the carbon cycle since pre-industrial period (IPCC, 2021; Friedlingstein et al., 2023)

1750 2022 %
CO2 mass atmosphere PgC 591 885 50%
Natural emissions PgCyr! 166 210 27%
Anthropogenic emissions PgC 0 11
Total emissions (up flux) PgCyr! 166 221 33%
Total absorption (down flux) PgCyr! 167 216 29%
Residence time yr 35 4.1 16%

To draw conclusions on historical CO: concentrations, we must understand the impact of the
global GPP to the down flux and to the residence time. The 2022 CO: level of 885 PgC is the
result of a down flux of 216 PgCyr!, multiplied by the residence time of 4.1 years. If during
periods of similar greenness in the past millennia the CO- level was only 590 PgC, it would imply
a lower down flux and/or a shorter residence time at that time. To consider ice core records
accurate, it is necessary to determine if a smaller down flux and/or a shorter residence time,
combined with a high level of greenness, is reasonable.

2. GPP changes

The ‘greening of the Earth’ refers to the observed increase in the amount of green vegetation
across large parts of the planet over the past decades. Long-term satellite records revealed a
significant global greening of vegetated areas since the 1980s. In this contribution we refer to
greening in terms of the increase in gross primary production (GPP), the rate of carbon fixation
by photosynthesis. Global terrestrial GPP has gone up by more than 30% since 1900 (Haverd et
al., 2020; Lai et al., 2024). A similar effect has been observed in the oceans, where increased
levels of dissolved CO: lead to more photosynthesis by phytoplankton (Riebesell et al., 2007)

The greening of the Earth is mostly the result of the increased CO: concentration, but estimates
show large variations, from 44% (Chen et al., 2022) to 86% (Haverd et al., 2020). The most
widely cited source estimates the CO:- fertilization effect at approximately 70% (Zhu et al., 2016).
Other factors include nitrogen deposition (9%), climate warming (8%) and land cover change
(4%)". As atmospheric CO: concentrations have risen (now over 425 ppm, compared to ~280 ppm
pre-industrially), plants can photosynthesize more effectively. COz is a primary raw material for

1'CO: is strictly speaking not a fertilizer as it is the primary raw material for photosynthesis. In the scientific
literature there is, however, an abundant use of the term ‘CO: fertilization effect’, that can be defined as
the enhancement of photosynthesis and subsequent growth in many plants due to increasing levels of
atmospheric carbon dioxide.
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photosynthesis, so higher availability allows plants to grow faster and often use water more
efficiently (by reducing stomatal conductance).

The major part of all CO: that directly or indirectly flows from the atmosphere to land and sea
each year, is the result of photosynthesis. The photosynthesis of plants on land is responsible for
almost all the terrestrial down flux, 120 - 130 PgCyr™'. The photosynthesis of phytoplankton in
the oceans is comparable with the GPP on land: 100 - 150 PgC yr'! (Huang et al., 2021). This is
larger than the CO. down flux to the oceans (80 - 90 PgC yr™!), as it represents biological fixation
of dissolved CO; within the ocean, which indirectly defines the exchange with the atmosphere. It
is, however, clear that also in the oceans photosynthesis is an important component in the oceanic
down flux.

Many studies though have found that the fertilization effect is weakening and greening is slowing
down (Reich and Hobbie, 2013; Allen Jr., 2019; Terrer et al., 2019; Wang et al., 2020; Winkler
et al., 2021). The f-factor is often used to characterize the plant response to increasing CO:
concentration, where /8 is defined as the relative increase in gross primary production (p) in
response to an increase in atmospheric CO, concentration (c).

_dp
B=— (2)

The global median 8 during 1982 to 2015 was 16.1 £ 11.5% per 100 ppm, so 16% increase in
photosynthesis per 100 ppm CO.. Using multiple long-term satellite- and ground-based datasets,
it was shown that global carbon fertilization effect declined across most terrestrial regions of the
globe. During 1982 to 2015 B decreased at a rate of —0.92 + 0.12% 100 ppm 'yr ! (Wang et al.,
2020).

A declining 5 means that the fertilization effect is weakening and greening is slowed down. The
explanation is that further growth of the vegetation is constrained by other factors. An important
factor is nutrient limitation. Plant growth is limited by the nutrient that is most scarce, not by the
abundance of others. Even if CO- is super-abundant, plants cannot grow indefinitely if they don't
have enough other essential nutrients like nitrogen or phosphorus. Also, the availability of
sufficient water can be a limiting factor that slows down the growth rate. Another element is plant
acclimation. Plants can physiologically adjust to sustained high CO, if they cannot use all the
extra carbon for growth due to nutrient or other limitations.

We can apply Mitscherlich's Law, also known as the Law of Diminishing Returns in Agriculture,
to describe the relationship between the application of a single variable input (e.g., fertilizer,
water) to a fixed area of land and the resulting crop yield. The law states that the increase in crop
yield due to an additional unit of input diminishes as more of that input is applied, assuming other
factors (e.g., soil quality, sunlight) remain constant. The application of Mitscherlich’s Law has
been demonstrated individual crop growth responses to rising atmospheric carbon dioxide, e.g.
(Allen Jr., 2019).

3. Modelling Diminishing Returns

Here we have investigated the application of Mitscherlich’s Law to describe not just individual
crop yields, but the global GPP as a whole in response to increasing CO: levels. It posits that the
response (e.g., crop yield or vegetation growth) to an input (in this case the actual CO:
concentration) increases rapidly at low input levels but approaches a maximum as the input
continues to rise. For Earth's greening it can be written as follows.

_®_ g
p=—-=B(4-p) (3)

This equation says that the rate of GPP increase related to the CO2 concentration is proportional
to the gap between the maximum GPP and the current GPP, where:
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¢ is the input level, in this case the actual CO: concentration,

p is the yield at input level c, in this case the gross primary production (GPP),

A is the attainable yield, in this case the maximum GPP (with other factors constant),

B is a constant related to the efficiency of the input (COz2),

J3 or dp/dc represents the rate at which yield (GPP) increases with respect to input (COz).

To investigate whether Mitscherlich can be applied to describe the greening of the Earth based on
the CO: concentration, we apply the results of a study by (Wang et al., 2024). This study
investigated the global trends in terrestrial Gross Primary Productivity (GPP) and their driving
factors over the past four decades, utilizing eight different GPP datasets, including BEPS GPP,
CCDAS GPP, EC-LUE GPP, GIMMS GPP, LRF GPP, GPPNIRv, P-model GPP, and TRENDY
GPP. The findings indicate a notable decrease in global GPP trends, from 0.43 PgCyr? in 1982—
1999 to 0.17 PgCyr? in 2000-2016, a phenomenon observed across more than 68% of the
terrestrial surface. This decline due to a reduced CO: fertilization effect was particularly evident
in satellite-derived GPP data.

After solving the differential equation Mitscherlich’s Law for the greening of the Earth can be
written as follows (with pr as the terrestrial GPP).

pr = A(1 — exp(—B(c — Cp)) (4)

Photosynthesis typically stops functioning at CO- concentrations below 150 ppm. So, this level
can be regarded as a starting point in the equation, which is reflected in the value 318.6 PgC for
Co (which is equal to 150 ppm). By matching the time series of the mean values of the 8 models
with the actual concentration level in each year (Lan and Keeling, 2025), we were able to compare
the (¢, p)-values with Equation 4, as presented in Figure 1. Each blue dot represents a GPP value
for the associated CO: value. With the use of the Non-linear Least Squares method we were able
to find values for A and B that give the best fit for the given data. The red line shows the best fit
line with an R? of 0.85.

Terrestrial GPP vs. Atmospheric CO2
Atmospheric concentration [ppm]
360 380

340 400

124 e Average of 8 terrestrial GPP datasets (wang_original)
Best Fit: p = A(1-exp(-B(c-318.6)))
1221 — A = 133.4964; B = 0.0047 °
1 R? = 0.8506
L]
° °

E 1204
()
j=)
=
2 118
[0
e
£ 116
g
@

114

112

700 725 750 775 800 825 850 875

Mass CO:2 in atmosphere [PgC]

Figure 1: The mean terrestrial GPP values of 8 long term models as a function of the actual CO:
concentration in the atmosphere (blue dots). The red line represents the best fit line according to
Mitscherlich’s Law as given by equation 4.

The available GPP data only relate to terrestrial absorptions, while we are interested in the total
global GPP. We have, however, no reliable dataset for oceanic GPP changes in the past decades.
Most studies on the fertilization effect are focused on terrestrial vegetation, supported by satellite
observations. Global oceanic GPP trends are less straightforward than terrestrial trends and
exhibit considerable regional and seasonal variability (Evans, Hales and Strutton, 2011).
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Photosynthesis and respiration occur in water using dissolved CO-, making it hard to distinguish
biological processes from physio-chemical ones that interact with the atmosphere. Biological
processes determine the dissolved CO: concentration and aquatic partial pressure (pCO-), while
the atmospheric exchange is driven by the difference in pCO:2 between the surface water and the
atmosphere.

According to the 6™ Assessment Report from the IPCC not just terrestrial, but also oceanic
emissions have increased since pre-industrial times. Emissions from the oceans have increased
from 54 PgCyr' in 1750 (IPCC, 2021) up to 80 PgCyr' (Friedlingstein et al., 2023). The
temperature dependence of physical-chemical processes (reduced solubility of CO:. and
temperature dependence of constants in the carbonate system) is 4 to 4.5% per degree Celsius,
which is too small to explain this increase (Liu, Fukuda and Matsuda, 2006). This suggests that
biological processes appear to cause changes to seawater pCO: that are more significant than the
temperature effect on the solubility pump alone.

Although there is no direct measurement, a comparable fertilization effect may occur in marine
environments due to the similar processes of carbon fixation involved. In Figure 2 we can see that
we get a very good fit with the IPCC estimate for 1750 (IPCC, 2021) and the GCB figure
(Friedlingstein et al., 2023), if we assume an increase of oceanic photosynthesis that is
proportional to the increase of terrestrial photosynthesis. Each blue dot in Figure 2 represents the
sum of the terrestrial GPP value from the 8 models, and a proportional value for the oceanic GPP.
The green squares are estimates from the [IPCC and GCB of the down fluxes. The good fit with
the red line based on Mitscherlich’s Law confirms that the total GPP is close to the total down
flux. Including the two extra data points in the dataset, results in a R? value of 0.94.
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Figure 2: Similar to Figure 1 with extended axes and an assumed proportional GPP change in the
oceans. The two added datapoints give a good fit to the best fit line:1. CO: mass and down flux in
1750, based on IPCC-ARG estimate (IPCC, 2021), and 2. the CO: mass and down flux in 2022,
based on the Global Carbon Budget 2023 (Friedlingstein et al., 2023). The gray dashed line and
dots show the result if no CO: fertilization effect in the oceans is assumed.

If we assume a smaller than proportional fertilization effect from the oceans, or even zero, we
will get a best fit line that is more flat than the original one, but with a similar concave curve. In
all cases the increase of the global down flux is slowing down compared to the increasing CO-
concentration in the atmosphere. The gray dashed best fit line shows the most extreme case with
no CO: fertilization effect in the oceans, so with a stable oceanic down flux, that does not change
with CO: concentration.
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Even though we only have terrestrial GPP data, we can easily show that in all cases an increasing
terrestrial GPP leads to a larger global down flux (land + oceans) and a longer residence time,
which together are consistent with a higher atmospheric CO2 concentration.

The global down flux dg can be written as the sum of the flux to land dr and to the oceans do.
dg = dr+do =pr+dp (5)

The terrestrial GPP (pr) is almost equal to the terrestrial down flux (dt). When pr increases under
the influence of more CO-, the global down flux will also increase, as long as the down flux to
the oceans (do) is not decreasing under the influence of more COs..

The slowing down of the greening under the influence of diminishing returns, represented by the
concave curve in Figures 1 and 2 instead of a straight line, indicates a longer residence. It can also
be seen if we express the residence time 7 as a function of the terrestrial greening pr.

1 %0
T=i=CO_§ln(1_7) (6)

dg pr + do

Since in Mitscherlich’s law the maximum GPP is limited by the value 4, the residence time will
increase sharply at higher values of the terrestrial GPP, which we can see in Figure 4 (red line).
The gray line shows the average residence time as a function of the terrestrial GPP if there is no
CO: fertilization effect in the oceans, in which case the oceanic down flux is assumed stable in
relation to varying GPP-values. This results in an even faster increase of the residence time.
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Figure 4: The calculated average residence time of the original dataset as a function of the terrestrial
GPP (blue dots). The red line represents the best fit line according to Equation 6. The gray line and
dots assume no fertilization effect in the oceans.

Constraining factors such as nutrient and water diminish the return of vegetation associated with
rising CO.. This effect translates into a longer residence time. Figure 4 shows that as a result of
the diminished return, the average residence time of CO: in the atmosphere increases with higher
GPP values. As the CO2 mass in the atmosphere is proportional to both the down flux and the
residence time, it is clear that a green Earth with a large GPP is inextricably linked to a high CO:
concentration in the atmosphere. Around 10,000 years ago, forest cover was 50% greater than
today (Ritchie, 2021). The land use change since that period as a result of human deforestation
and agriculture, is illustrated in Figure 5. With a mean GPP of 2.0 kgCm 2yr ! forests represent
the most productive land cover, while grasslands and croplands on average reach 1.5 and 1.8
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kgCm 2yr !, respectively. When these GPP estimates are combined with the historical land use
change, it follows that the global terrestrial GPP was 4.4% larger in that period than today (Krause
etal., 2022).

10’90,(,)‘\’?3(5 80 57% Forests ‘ 42% Wild grassland and shrubs
. st ice age 6 billion hectares | 4.6 billion hectares
2018 ' 38% Forests 15% Crops 31% Grazing land 14%
I 4 billion hectares | Lébillionha 3.2 billion hectares 1.74 bn ha

1% Urban and ~ g

built-up land
Figure 5: Land use change over the past 10,000 years. Based on the average GPP values per square
meter for forest, grassland and cropland, we can conclude that the total GPP 10,000 years ago was

approximitly 4.4% larger than today. Image adapted from Our World in Data (Ritchie, 2021).

Following Equation 6 and Figure 4, the residence time will increase relatively faster than the GPP,
which implies that in that period the average residence time was at least as high as the current
residence time of approximately 4.1 years, and thus also the amount of CO: in the atmosphere.
We have no reason to believe that nature’s response in terms of GPP to the actual CO: level was
very different from today, so a shorter residence time is very unlikely. We can therefore conclude
that global GPP 10,000 years ago was at least as high as today.

4. Discussion

It is obvious that the application of Mitscherlich’s Law is a simplification of the complex
processes that define the Earth’s vegetation. The diminishing return is confirmed for individual
plant species, where the application for the total GPP might raise new complexities, like global
variability with different growth rates for the many ecosystems, nonlinear interactions and long-
term effects (e.g. changes in the species composition) complicating the model. The available data
from the 8 models show nevertheless a good fit, explaining that constraining factors like nutrient
and water availability can be responsible for a slowdown of the greening. Apparently, the be-
havior of the sum of all vegetation does not fundamentally differ from that of individual plant
species in this respect. It makes it evident that large GPP values lead to longer atmospheric
residence times.

In a period without human disturbance and with the same or higher GPP as today, a CO: con-
centration of approximately 280 ppm would imply a residence time of approximately 2.7 years
(590 PgC /216 PgCyr™) or less. This would only be possible if nature’s response to the CO2 level
were fundamentally different from what we observe today. CO: is one of the constraining factors
that define the growth rate of vegetation. A larger GPP at low CO:2 levels would only be possible
if other factors like sunshine, nutrient and water availability, were significantly more favorable
than today. Especially in our example of 10,000 years ago, this is very unlikely. The deforestation
and expanding agricultural land since that period is primarily the result of human activities
(Ritchie, 2021). There is no indication that the other limiting factors have significantly changed.

As the present level of greenness is not exceptional in the history of the Earth, our results indicate
that variations in atmospheric CO2 concentrations up to levels comparable to or exceeding those
observed today are possible. The view that human emissions are the only cause of rising
atmospheric COz levels is based on the assumption that, over decades or centuries, natural carbon
fluxes tend to remain relatively balanced without significant human influence. The ocean and
terrestrial carbon sinks are often defined by their capacity ‘to absorb a part of the human caused
CO: emissions’. Without these human emissions, the natural yearly fluxes would cancel each
other out, maintaining a stable atmospheric concentration at a level of typically 280 ppm (IPCC,
2021; Friedlingstein ef al., 2023).

A precise balance between natural upward and downward fluxes is however unlikely. For plant
respiration, you can argue that it is in some way related to the absorption of CO: by those same
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plants. But decomposition, the degeneration of carbon compounds that are stored in large
quantities in the soil and the oceans, has only a delayed and indirect connection to current
photosynthesis. There are different drivers for the most important fluxes to and from the
atmosphere. For photosynthesis (down flux), the CO: concentration in the atmosphere is the most
important driver. But for respiration (up flux), temperature is the most important driver, as long
as enough organic carbon compounds are available. Bacterial processes responsible for the
breakdown of organic material on and in the soil are exponentially related to temperature,
with Qo-values for soil respiration ranging from around 1.7 (approximately 5.4% per °C) to over
6 (approximately 20% per °C)(Luan et al., 2013). Apart from the biological processes, the
temperature dependence of physical-chemical processes in the seawater also causes additional
emissions at higher temperatures (Liu, Fukuda and Matsuda, 2006; Takahashi ez al., 2009).

A period of rising temperatures can lead to more respiration from the large carbon buffers in the
soil and oceans and thus a higher CO: concentration in the atmosphere and greening of the Earth.
In a period of falling temperatures, the opposite effect can occur. As concluded by (Koutsoyiannis,
2024b): “During cool periods, degradation slows more than photosynthesis, and this traps CO:
into soil. During warm periods, carbon trapped in soils is released faster than photosynthesis can
absorb it, and atmospheric CO: increases”. The total carbon mass remains conserved within the
Earth system, as substantial carbon reservoirs on land and in the oceans effectively buffer changes
in carbon distribution. The changes in the buffers are very small compared to the total amount of
41,000 PgC (of which 3,100 PgC in the soil), a fortiori as the process of greening is relatively
slow: 30% over a period of 120 years equals on average 0.2% per year.

More vegetation corresponds to higher CO: levels. This may appear contradictory, as plants
absorb CO.. However, greening is not the cause of the higher concentration but rather its result.
The probable causality is summarized in Diagram 1.

More anthropogenic

emissions
5 . More decomposition More CO: in More vegetation
Higher temperature =2 I : .
/respiration/outgassing atmosphere /photosynthesis
T partly delayed More biomass

/respiration

Diagram 1: Simplified causality diagram that illustrates that the CO: concentration can change
naturally, due to different drivers for the up flux and down flux. Global warming is the main driver
(in orange) for more respiration and oceanic outgassing and has a (smaller) positive effect on global
greening. The increased atmospheric concentration is the main driver (in greem) for more
photosynthesis and global greening, which results in more biomass and respiration. Increasing
anthropogenic emissions can accelerate this process.

Both higher temperatures and increasing anthropogenic emissions can lead to more CO: in the
atmosphere, resulting in more photosynthesis and thus more vegetation. The effect is amplified,
as more vegetation leads to more plant respiration and after some time biodegradation of the extra
biomass. Increased temperatures also have a positive impact on the CO: outgassing of the oceans.
Another element is the direct impact of temperature on global greening. Climate warming can
enhance plant growth and extend the growing season in moderate and colder regions, but in
tropical regions heat stress can reduce productivity. While less significant than CO: fertilization,
the recent temperature increase resulted in a net positive contribution to global greening (Zhu et
al.,2016).
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The important role of temperature in natural CO: fluctuations is supported by the proven
unidirectional causal relationship between temperature and CO: (Koutsoyiannis et al., 2023), and
the developed mathematical framework that results in excellent agreement of the recent global
warming with accurately measured CO: changes (Koutsoyiannis, 2024a). It also explains the
abundance of vegetation 10,000 years ago, in the Holocene Thermal Maximum with relatively
high temperatures.

In addition to global warming, human emissions have contributed to the greening process and so
to the recent CO: rise. However, there is no need to assume a problematic ad hoc behavior for
anthropogenic CO2. According to the IPCC human emitted CO2 accumulates and remains much
longer in the atmosphere than natural CO2, up to more than 100,000 years, which cannot be
explained in the uncompartimented and well mixed atmosphere. Not the emissions, but the
atmospheric concentration is the dominant driver for the uptake of CO: in the biosphere and
through the oceans, which cannot differentiate based on the source of the CO2 molecules.

5. Conclusions

Based on the relationship of the CO: concentration and the actual GPP values of 8 long term
models, we showed that the global GPP response to increasing CO: follows Mitscherlich's Law,
demonstrating diminishing returns. While CO: initially drives greening, its fertilization effect is
slowing down due to limitations from other factors like nutrient availability and water. This
implies that continued atmospheric CO: increases will lead to relatively smaller gains in GPP,
and thus an increasingly longer CO: residence time. The global GPP is by far the most important
component of the down flux to land and oceans. As the CO2 concentration is proportional to the
down flux and the residence time, a ‘green Earth’ is inextricably linked to high atmospheric CO-
concentrations.

The current level of Earth's greenness is not extraordinary, suggesting that the present atmospheric
CO: concentration is also not exceptional. This indicates that there have been natural variations
in both GPP and CO: levels over time. These fluctuations are likely to occur, due to a combination
of different drivers for the up and down flux and the large reservoirs of organic carbon in the soil
and oceans. Rising temperatures increase the up flux to the atmosphere due to more terrestrial and
oceanic respiration and more outgassing from oceans, leading to a higher atmospheric CO: level.
This CO2 level is the main driver for more greening and thus the down flux.

Human emissions have accelerated the greening process, but even if we assume that human
emissions are the dominant cause for the recent COx rise, it is still unlikely that historical CO:
levels were as low as generally accepted. All assumptions discussed herein relate exclusively to
how nature responds to changes in CO: levels, and do not address the underlying causes of
increased COz levels. A low CO:z level of 590 PgC (280 ppm) combined with a similar high level
of greenness would only be possible if nature’s response to CO: were fundamentally different
from what we observe today.

This conclusion contradicts the assumed low CO: concentrations in the past 800,000 years, based
on the ice core records from Antarctica. In this context, we refrain from delving into the specifics
of these records. However, it is important to acknowledge that ice core records are not direct
measurements, but serve as proxies for historical CO: concentrations, which need correct
interpretation and calibration, and which involve significant uncertainties. Several studies have
raised serious questions regarding the accuracy and reliability of ice core data, especially with
respect to the dissolvement of CO: in melting water the many years before the air bubbles in the
ice are fully closed (Jaworowski, Segalstad and Ono, 1992; Jaworowski, Segelstad and Hisdsal,
1992; Harde, 2017).

The likelihood of higher CO: levels in the history of the Earth supports other studies that have
identified temperature as a primary driver of the increase of the atmospheric CO2 concentration
(Harde, 2019; Berry, 2021; Koutsoyiannis, 2024a). The temperature dependence of the main
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fluxes to the atmosphere makes it unnecessary to assume an ad hoc behavior for human CO: in
the atmosphere, with a deviant (much longer) residence time than other COs.
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