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ABSTRACT
Understanding the drivers of forest transitions is relevant to inform 
effective forest conservation. We investigate pathways of forest transi
tions in the United States (1920–2010), France (1850–2010), and 
Austria (1830–2010). By combining evidence from forest inventories 
with the forest model CRAFT, we first quantify how change in forest 
area (ΔA), maximum biomass density (ΔBdmax), and actual biomass as 
fraction of maximum biomass (ΔFmax) shaped forest dynamics. Second, 
to investigate the connections between forest change and societal 
resource use, or social metabolism, we quantify the importance of 
selected proximate and underlying socio-metabolic drivers. We find 
that agricultural intensification and reduced forest grazing correlated 
most with positive ΔA and ΔBdmax. By contrast, change in biomass 
imports or harvest did not explain forest change. Our findings high
light the importance of forest growth conditions in explaining long- 
term forest dynamics, and demonstrate the distinct ways in which 
resource use drove forest change.
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Introduction

Forests play crucial roles for mitigating climate change: as carbon-rich ecosystems, the con
servation and recovery of forests can sequester substantial amounts of carbon that would 
otherwise accumulate in the atmosphere (Bastin et al., 2019; IPCC, 2019). At the same time, in 
many industrialized countries of the Global North, the increased use of forest products is also 
considered as a major pillar in sustainable resource use strategies to substitute for fossil-energy 
based products and services (e.g. European Commission, 2018), despite the possible negative 
side-effects of intensive forestry on biomass carbon stocks (Erb et al., 2018; Law et al., 2018; 
Yan, 2018). Both the conservation of forests and the increased use of forest products are 
promoted as viable climate-change mitigation strategies. Understanding how forest change 
intersects with resource use, both within the forest sector and outside of it, and which path
ways of forest use are compatible with ecological sustainability aims, is therefore an important 
research frontier (Di Sacco et al., 2021; Scheidel & Gingrich, 2020). While deforestation has 
abrupt consequences, forest growth reacts slowly to changes in management and environ
mental conditions (San Roman Sanz et al., 2013; Thom et al., 2018). A comprehensive under
standing about the interlinkages between long-term dynamics of forest change and resource 
use is however lacking to date.
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The analysis of forest transitions offers a unique entry point. Forest transitions mark the long-term 
shift from deforestation or forest degradation to reforestation or forest recovery, and occur over 
decadal or centennial time periods and at national or larger landscape scales (Mather, 1992; 
Meyfroidt & Lambin, 2011). While global deforestation is an ongoing trend, mostly caused by tropical 
deforestation, forest transitions in many temperate and boreal countries of the Global North, as well 
as increasingly in tropical countries of the Global South are currently contributing to a decline in 
global deforestation rates (FAO, 2020; Tubiello et al., 2021). In addition to stable or increasing forest 
areas, forest ecosystems in large world regions including North America, Europe, and Eastern Asia, 
have also experienced significant vegetation thickening in recent decades (Köhl et al., 2015; Le Noë 
et al., 2021a).

Despite these tentatively encouraging trends of recent global forest change, research has also 
pointed towards underlying links between forest transitions and shifts towards unsustainable 
patterns of societal material and energy use, or social metabolism (Haberl et al., 2019), that may 
counteract the ecological benefits of forest transitions (Gingrich et al., 2019; Scheidel, 2019). Such 
problem shifts include the spatial displacement of deforestation through increased imports of 
biomass from deforesting countries, mostly in the Global South, to reforesting countries, many of 
which are located in the Global North (Henders et al., 2015; Kastner et al., 2011; Pendrill et al., 2019). 
Additionally, the intensification and concentration of domestic agriculture increases domestic 
agricultural production while freeing land for forest recovery (García et al., 2020; Jadin et al., 2016), 
but also comes at ecological costs including increased greenhouse gas emissions from agriculture 
(Garnier et al., 2019; Hong et al., 2021; Tubiello et al., 2013) as well as social costs such as the 
exclusion of rural populations from multiple forest uses (Larrère & Nougarède, 1990; Pichler et al., 
2021a). Finally, in early industrialized countries of the Global North, the shift towards coal was an 
important factor relieving forests from providing woodfuel, allowing forest recovery while enabling 
higher energy use and causing additional emissions (Gingrich et al., 2021; Magerl et al., 2022; 
Myllyntaus & Mattila, 2002).

A sound understanding of how specific pathways of forest transitions have been linked to 
trends in social metabolism in the past is an urgent prerequisite for shaping future forest transi
tions that avoid undesirable problem shifts. However, analyses investigating how forest transitions 
are connected to changes in overall societal resource use have been conducted only for individual 
case studies (e.g. Gingrich et al., 2021; Jadin et al., 2016; Le Noë et al., 2021b), while comparative or 
global-scale analyses have either been restricted to forest change, without addressing changes in 
resource use (Kauppi et al., 2006; Southworth et al., 2012), have analysed the impact of individual 
drivers on forest change, such as agricultural intensification (García et al., 2020) or trade (Pendrill 
et al., 2019), or have focused on the economic or political dimensions of resource use (García et al., 
2021; Liu et al., 2017; Mansfield et al., 2010; Roy Chowdhury & Moran, 2012; Youn et al., 2016), 
rather than their biophysical ones (Ashraf et al., 2017). Finally, to our knowledge, no previous work 
has investigated the effects of resource use on forest change beyond forest area and carbon 
density.

To close this research gap, we conduct a comparative analysis of long-term forest change in 
the course of forest transitions and its connection to social metabolism for three early- 
industrialized countries of the Global North, i.e. the United States, France, and Austria, covering 
the respective time periods since the beginning of forest expansion, i.e. 90, 160 and 180 years 
respectively. The long-term perspective, combining approaches from land system science 
(Verburg et al., 2015) and social ecology (Haberl et al., 2016), enables us to tackle long-term 
temporal dynamics in forest change (Aspinall et al., 2021; Tappeiner et al., 2021) and their 
connections to changes in social metabolism. Our analysis comprises an investigation of 
national-level processes of forest biomass carbon dynamics and an analysis of the links 
between specific forest change processes and selected changes in social metabolism. We 
discuss our findings in view of forest transitions research and the challenges of integrating 
forest conservation with sustainable resource use today.
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Materials and methods

This analysis builds on a number of datasets on long-term forest change and changes in social 
metabolism in the United States, France and Austria and employs a decomposition analysis (Ang & 
Zhang, 2000) to quantify how forest carbon dynamics were affected by three underlying processes of 
forest change, as well as simple and multiple regression analyses to investigate how specific changes 
in social metabolism (‘socio-metabolic drivers’) were connected to these dynamics at national levels.

The three countries are all industrialized countries of the Global North that experienced 
forest transitions in the 19th (France and Austria) and early 20th centuries (United States) 
(Gingrich et al., 2007; Magerl et al., 2019; Le Noë et al., 2020). They make promising cases for 
comparison due to their important differences in terms of (1) their land-use histories and (2) 
their historical roles in international trade networks: (1) In contrast to France and Austria, the 
United States experienced strong agricultural expansion in the late 19th century in the context 
of White European settlement (Houghton & Hackler, 2000). (2) While Austria as a land-locked 
country and part of the Habsburg Monarchy was not a major trading partner in global markets 
in the 19th century (Komlos, 1983), France and the United States have strong historical roots in 
colonial trade networks (Krausmann & Langthaler, 2019) and are major players in global 
agricultural trade today (Kastner et al., 2021).

Quantifying forest C dynamics

We make use of long-term datasets on forest area, forest biomass density, and wood harvest to 
consistently quantify forest carbon dynamics in the conterminous United States (1920–2010), France 
(1850–2010), and Austria (1830–2010), as described in (Table 1).

We use these data to calibrate the CRAFT model, which enables us to isolate the effects of 
specific forest change processes. The parsimonious forest growth model CRAFT, originally 
developed for the case of France (Le Noë et al., 2020), is based on an equation linking annual 
per-area Net Primary Production (NPP/A) to an apparent growth rate (r) which may change over 
time (annual change factor α), the biomass density including above- and belowground biomass 
(Bd), and the hypothetical per-area carrying capacity in the absence of mortality (K/A), as 
follows: 

NPP tCyr� 1½ �

A ha½ �
¼ αr yr� 1� �

�
B tC½ �
A ha½ �

� 1 �
Bd tCha� 1½ �

K=A tCha� 1½ �

� �

(1) 

Table 1. References to data sources of forest change and major rationales of estimation procedures.

United States France Austria

Forest area 
and  
biomass 
density

Magerl et al. (2019): forest area 
and biomass density based on 
c. decadal national forest 
inventories

Le Noë et al. (2020): forest area based 
on national forest inventories and 
historical archives (1850–2015), 
biomass density based on national 
forest inventories (1985–2015) 
and CRAFT model simulations.

Gingrich et al. (2016): forest area 
based on regular agricultural 
censuses, biomass density based 
on partial inventories in 1830, 
1880, and national inventories 
1960–2010.

Wood 
harvest

Gierlinger and Krausmann (2012), 
p. 1870–2005, FAO stat data 
from 2005–2012 http://www. 
fao.org/faostat/en/#data

Le Noë et al. (2020) Gingrich et al., 2016
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Biomass stocks in a succeeding year (Bt+1) are then quantified as the sum of biomass stocks in the 
previous year (Bt) and net primary productivity (NPPt), minus wood extraction (ht), including wood 
harvest as reported in statistics (see Table 1) and felling losses of 11% (Liski et al., 2002), minus 
a country-specific mortality rate (m, i.e. 0.0565 for the United States, 0.0667 for France and 0.0519 for 
Austria, derived from Erb et al. (2018)), adjusted for change in forest area (At,At+1): 

Btþ1 tC½ � ¼
Bt tC½ � þ NPP tCyr� 1½ � � ht tCyr� 1½ � � m yr� 1½ � � Bt tC½ �

At ha½ �
�MIN

At ha½ �
Atþ1 ha½ �

; 1
� �

� Atþ1 ha½ � (2) 

For France, where a previous optimization is available for the entire time series (Le Noë et al., 2020), 
we modified some input data (country-specific mortality rate) and model assumptions (aggregate 
biomass, rather than split into deciduous and coniferous), resulting in slightly different results than 
the previous assessment. For the United States and Austria, where long-term model calibration had 
not yet been performed, we combined national information on forest area, biomass density and 
wood extraction with national forest yield tables (Marschall, 1975; Stage et al., 1988). For the United 
States, where forest mortality varied greatly due to forest fires in the late 19th and early 20th centuries 
(Houghton et al., 2000), we assumed that the generic mortality factor underestimates historical fire 
impacts and thus additionally considered burnt biomass in the calculation of biomass stock differ
ences in succeeding years. To quantify burnt biomass, we multiplied annual data on burnt forest area 
derived from national forest fire statistics released by the United States Forest Service (“Forest Fire 
Statistics“ 1941–1964, “Annual Fire report for the National Forests“ 1960–1969 and “National Forest 
Fire Report“ 1971–1985) and from the literature (Hawbaker et al., 2020) by fuel loads, i.e. the fraction 
of total forest biomass susceptible to burning, and combustion completeness factors, i.e. the fraction 
of total fuel load that actually burns during a wildfire event (Urbanski et al., 2018; Yang et al., 2014).

We considered the relative contribution of deciduous and coniferous trees in each country as 
reported in statistics to establish plausible ranges for r and K values. Per country, we then first 
optimized K (one static value) and r values at the starting point of the respective time series, as well 
as in 1960 and 2010, assuming linear change in these two periods, to best reproduce the reported 
biomass data. In the United States and Austria, r could then be further optimized at decadal 
resolution over the whole period, resulting in dynamic change values α, while in France, due to 
reduced availability of observation data on biomass density, r was optimized at decadal resolution 
only from 1960 to 2010, resulting in a constant change value α for 1850–1960. We thus 
generated year- and country-specific r values, reproducing the biomass stock values of the forest 
inventory data with relative root mean square error values of 2%, 1% and 0.2% respectively for the 
United States, France and Austria.

Decomposition analysis of forest change processes

We conducted a decomposition analysis (Ang & Zhang, 2000) to identify the relative contribution to 
forest biomass dynamics of three specific forest change processes. Decomposition analyses attribute 
change in one variable (forest biomass stocks) to the sum of changes in several underlying variables 
by means of a mathematical formula called “identity“, and have been successfully applied to 
understand the processes underlying long-term land-use dynamics (Gingrich et al., 2015; Hong 
et al., 2021; Le Noë et al., 2020). We advanced the “forest identity“ (Kauppi et al., 2006; Köhl et al., 
2015), a formula previously applied to decompose forest biomass stock change (ΔB) into the effects 
of changes in forest area (ΔA) and forest biomass density (ΔB/A), by distinguishing two different 
factors contributing to changes in forest biomass density. Based on the national long-term optimiza
tion of the CRAFT model, we quantified, for each country and each year, the variable Bmax.Bmax 

corresponds to the maximum biomass density in the absence of harvest at which NPP equals the 
mortality (m) at a given time- and country-specific value of r (the growth rate parameter). In contrast 
to K, the hypothetical biomass density in the absence of mortality described above, or the “potential 
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biomass“, another commonly used ecological variable denoting the climax vegetation in the 
absence of land use (Erb et al., 2018), Bmax in a given year (Bmax,t) reflects the maximum biomass 
stock under the contemporary environmental and management conditions, and can be written as: 

Bmax;t tC½ � ¼
rt½yr� 1 � m½yr� 1� �

rt½yr� 1�
� K tC½ � (3) 

This indicator enabled us to advance the forest identity towards: 

B tC½ � ¼ A ha½ � �
Bmax tC½ �

A ha½ �
�

B tC½ �
Bmax tC½ �

¼ A ha½ � � Bdmax tCha� 1� �
� Fmax %½ � (4) 

With Bdmax the maximum biomass density and Fmax the actual biomass as fraction of Bmax. An 
additive decomposition analysis using the Logarithmic Media Divisia Index (LMDI) proposed by Ang 
(2005) was then conducted to quantify the contribution of ΔA, ΔBdmax, and ΔFmax to ΔB in each 
country and at decadal intervals: 

ΔB tC½ � ¼ ΔA ha½ � þ ΔBdmax tCha� 1� �
þ ΔFmax tCtC� 1� �

(5) 

Through our decomposition analysis, we were thus able to attribute national long-term change in 
forest biomass stocks (ΔB) to three forest change processes, i.e. change in forest area (ΔA), change in 
maximum forest biomass density, caused either by changes in management or environmental condi
tions (ΔBdmax), and change in the actual forest biomass as fraction of maximum biomass (ΔFmax).

Linking forest change to social metabolism

We also investigated how these dynamics of forest change were connected to changes in social 
metabolism, i.e. the annual socio-economic throughput of material and energetic resources (Haberl 
et al., 2019; Pauliuk & Hertwich, 2015). To this end, we developed a generalized analytical framework 
(Figure 1) based on conceptual considerations on proximate and underlying drivers of forest change 
(Geist & Lambin, 2002) and the specific role of social metabolism and its links to forest transitions 
(Gingrich et al., 2019). We use this framework as a tool to investigate how trends in specific consistent 
socio-metabolic indicators based on Material and Energy Flow Accounting (Haberl et al., 2004) are 
connected to specific forest change processes, either by physically impacting forest dynamics (i.e. as 
proximate drivers) or by acting upon change in the proximate drivers (i.e. as underlying drivers). 
Given that the annual throughput of material and energy sources increased in the three case studies 
investigated during the period of the forest transition (Gierlinger & Krausmann, 2012; Gingrich et al., 
2016; Magalhães et al., 2019), we expect shifts in social metabolism relieving pressures from forests 
while enabling increasing resource use.

Further, biophysical factors contributing to forest change are only implicitly considered in the 
optimization of the α and r parameters in the CRAFT model, but are not quantitatively analysed in 
our study. Such processes include the selection of tree species or genotypes (e.g. Resende et al., 
2012), the protection of seedlings (Keeton, 2008), and some effects of environmental change, such as 
increased temperature, change in precipitation or N fertilization (Hickler et al., 2008; Rossi et al., 
2008). Beyond the framework condition of generally increasing resource use, specific national-level 
trends in resource use, e.g. as mediated by population growth, resource use efficiency or technolo
gical change (Martinico-Perez et al., 2017; Vilaysouk et al., 2017), or as consequences of singular 
historical events (Krausmann et al., 2016; Kuskova et al., 2008), are only considered implicitly in some 
of the proxy indicators for underlying drivers, which are expressed as % of domestic consumption, 
see (Table 2).

We linked each process of forest change defined in our forest identity to specific socio- 
metabolic enabling conditions, describing proximate or underlying drivers of forest change 
(Table 2). Forest area expansion (positive ΔA) on a constant land area results in less other land. 
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As proxy for other land, our analysis focuses on agricultural land, the dominant other land use in all 
our case studies. Under constant or growing demand for agricultural products, reductions in 
agricultural land can be enabled either by higher productivity of agricultural areas through 
intensification and/or spatial contraction to the most favourable areas (García et al., 2020), and/ 
or by increasing agricultural imports, displacing agricultural production outside the domestic land 
area (Jadin et al., 2016). We quantify agricultural productivity as agricultural biomass extraction 
(applying the socio-metabolic indicator Domestic Extraction) per unit of agricultural land area. It 
describes the total amount of vegetal biomass entering socio-economic systems, i.e. the sum of 
harvest of primary and secondary products from cropland, and biomass harvested or grazed from 
grassland per unit of total agricultural land.

To quantify agricultural imports, we use as proxy the physical trade balance (PTB, imports minus 
exports) of agricultural products as a fraction of the respective Domestic Consumption of agricultural 
products, termed ‘agricultural import dependence’. This socio-metabolic indicator (e.g. Dorninger & 
Eisenmenger, 2016) enables us to identify to which extent a country relies on biomass imports to 
feed its livestock and population. As a highly aggregate indicator adding both vegetal and animal 
products, the physical trade balance does not inform about land displacement for agricultural 
production (e.g. the land required elsewhere to produce a certain amount of beef imported). To 
overcome this limitation, different methodological approaches would be required (Schaffartzik et al., 
2015) which are, however, beyond the scope of this study.

We investigate changes in forest grazing as proxies for non-timber forest uses, potentially 
affecting changes in maximum biomass density (ΔBdmax), because forest grazing represents the 
major traditional agricultural side use of forests in industrialized countries of the Global North 
(Borman, 2005; Gimmi & Buergi, 2007). Forest grazing can, next to other forest management and 
environmental change, affect forest degradation or recovery either immediately or with a delay 
(Niedertscheider et al., 2017).

Figure 1. Analytical framework of socio-metabolic drivers of forest transitions (ΔB: change in forest biomass, ΔA: change in forest 
area, ΔBdmax: change in maximum forest biomass density at contemporary management and environmental conditions, ΔF: 
actual biomass as fraction of potential). Non-coloured boxes are not explicitly analysed in this study.
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Finally, changes in forest biomass as a fraction of maximum biomass (ΔFmax) are the effect of 
dynamics in forest age (affecting the counter, B) and forest growth conditions (affecting the 
denominator, Bmax). The major socio-metabolic process impacting forest age is wood harvest, 
which we quantify as domestic extraction of wood per unit of forest area. In addition, also forest 
area expansion (positive ΔA) results in rejuvenation of the forest at the country-level. We investigate 
two additional underlying socio-metabolic drivers potentially affecting wood harvest: (1) We quan
tify wood imports, displacing the harvest pressure outside the domestic territory (Pendrill et al., 
2019), as fraction of imports in domestic consumption of wood (‘wood import dependence’). (2) To 

Table 2. Indicators used to quantify the socio-metabolic drivers of forest transitions in this study.

Socio-metabolic 
indicator Data quality Sources used

Driver of 
forest change

Proxy (if 
diverging from 

driver)
United States 
(1920–2010)

France 
(1850– 
2010)

Austria (1830– 
2010)

Agricultural 
productivity

Domestic 
Extraction of 
agricultural 
biomass per 
unit of 
agricultural 
land 
[tCha−1yr−1]

Very good: mostly 
derived directly 
from statistics

Gierlinger and 
Krausmann 

(2012), 1920– 
2005, FAOstat 

data from 
2005–2010

Magalhães 
et al. 
(2019)

Gingrich et al., 
2016

Agricultural 
imports

Agricultural 
import 
dependence

Physical Trade 
Balance of 
agricultural 
products as 
fraction of 
domestic 
consumption of 
agricultural 
products [%]

Good: mostly 
derived from 
statistics (except 
Austria prior to 
1918: net 
trade = difference 
between demand 
and domestic 
supply)

Gierlinger and 
Krausmann 

(2012), 1920– 
2005, FAOstat 

data from 
2005–2010

Magalhães 
et al. 
(2019)

Gingrich et al. 
(2016)

Non-timber 
forest use

Forest grazing Domestic 
Extraction of 
grazed biomass 
from forests per 
unit of forest 
area 
[tCha−1yr−1]

Modest: estimate 
based on feed 
demand vs. 
supply, and 
assumptions on 
grazing practices 
based on legal 
regulations

Magerl et al. 
(2022)

Le Noë 
et al. 
(2018)

Gingrich and 
Krausmann 
(2018)

Wood harvest Domestic 
Extraction of 
wood per unit 
of forest area 
[tCha−1yr−1]

Good: mostly 
derived from 
statistics

Gierlinger and 
Krausmann 

(2012), 1870– 
2005, FAO stat 

data from 
2005–2012 

http://www.fao. 
org/faostat/en/ 

#data

Le Noë 
et al. 
(2020)

Gingrich et al., 
2016

Wood imports Wood import 
dependence

Physical Trade 
Balance of 
wood as 
fraction of 
domestic 
consumption of 
wood [%]

Good: mostly 
derived from 
statistics, but time 
series short 
(France: 1878– 
2010; Austria: 
1920–2010)

Gierlinger and 
Krausmann 

(2012), 1870– 
2005, FAO stat 

data from 
2005–2012

Magalhães 
et al. 
(2019). 
Data 
available 
only 
after 
1878

Gingrich et al. 
(2016). 
Data 
available 
only after 
1920

Wood 
substitution

Woodfuel 
importance

Woodfuel as % of 
domestic 
energy 
consumption 
[%]

Very good: mostly 
derived directly 
from statistics

Magerl et al. 
(2022)

Magalhães 
et al. 
(2019)

Gingrich et al. 
(2016)
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assess the substitution of wood in major socioeconomic processes, we quantify the fraction of 
woodfuel in domestic energy consumption (‘woodfuel importance’), representing the shift from 
wood to coal in the context of forest transitions in the Global North (Magerl et al., 2022; Myllyntaus & 
Mattila, 2002).

Regression analysis

We apply multiple and simple linear regressions using the Ordinary Least Squares (OLS) model at 
country level, covering the respective country-level time periods, or the longest possible time 
periods for which the respective data were available (Table 2). Regression analyses are commonly 
conducted to investigate to which extent independent variables affect change in dependent vari
ables in the context of land-use change (Meyfroidt, 2016). We quantify the explanatory effect of the 
socio-metabolic proximate and underlying drivers (independent variables) on the respective forest 
change processes (dependent variables): (i) agricultural intensity and agricultural imports on forest 
area (A); (ii) forest grazing on maximum biomass density (Bdmax); and (iii) wood harvest, wood import 
dependence and woodfuel importance on the actual biomass as a fraction of maximum biomass 
(Fmax). For (i), we apply multiple regressions, for (ii) single regressions, and for (iii) both (simple for 
wood harvest, multiple for wood import dependence and woodfuel importance). After testing for 
multicollinearity between independent variables, we examine the coefficients of determination (R2), 
informing about how accurately the independent variables predict the respective dependent vari
ables, as well as the respective p-values to test for their statistical significance. We also analyse the 
regression coefficients of the independent variables, quantifying the direction and magnitude of 
change in the dependent variables effected by change in the independent variables.

Results

Three forest transitions result from different combinations of forest change processes

Due to their different histories and geographies, we expected the forest transitions in the United 
States, France and Austria to follow diverging trends. Across the respective time series, biomass 
carbon stocks increased by factors of 1.8, 2.3 and 2.3 (corresponding to average annual growth rates 
of 0.666%/yr, 0.471%/yr and 0.470%/yr) in the United States, France and Austria, respectively. The 
most pronounced biomass increase occurred in the most recent period in all countries (Figure 2(a)), 
reaching values above 1%/yr in the United States and France in the early 21st century, and just below 
1 in Austria in the late 20th century. While in the United States, forest areas stabilized at around 33% 
of the total land area since the early 20th century, in France forest areas increased from 15% in the 
mid-19th century to 33% of total land area in 2015, and in Austria from 40% in 1830 to almost 50% of 
total land area in 2010 (Figure 2(b)). Biomass density (Figure 2(c)) increased in all countries across the 
time period, was consistently highest in Austria (c.60 tCha−1 in 1830 and 110 tCha−1 in 2010), and 
ranged between 40 and 69 tCha−1 in the United States and France, with a more pronounced recent 
increase in the United States. In line with previous research on the three countries, we identify that 
the respective forest transitions were dominated by forest thickening in the United States (Magerl 
et al., 2019; Ramankutty et al., 2010), by forest area expansion in France (Le Noë et al., 2020), and the 
combined effect of both in Austria (Gingrich et al., 2007; Tasser et al., 2007).

Bdmax, the newly established indicator describing the maximum density stock under contempor
ary environmental and management conditions (Figure 2(d)), was highest in Austria, and consis
tently lowest in the United States, owing to the high share of low biomass-density shrubland (e.g. 
chaparral, sagebrush) in the Western United States (Magerl et al., 2019). In all three countries, Bmax 

increased in recent decades, probably as the combined effect of several factors, including improved 
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forest management, spatial reconfiguration of forest landscapes into more productive regions and 
vegetation greening promoted by changing environmental conditions, mostly due to CO2 fertiliza
tion (Zhu et al., 2016).

The decomposition analysis, quantifying the relative contribution of these processes (Figure 3) 
reveals that forest area change (ΔA) had a positive effect on the forest transition in all countries 
(Figure 3(d)), increasing biomass stocks by 9% (808 MtC) in the United States, 41% (78MtC) in Austria 
and 97% (458MtC) in France throughout the respective time period. This was an effect of consistent 
forest area expansion in France (Figure 3(b)) and Austria (Figure 3(c)), while area expansion in the 
United States was less pronounced (Figure 2(a)) and interrupted by three decades of modest 
deforestation in 1960–1990 (Figure 3(a)).

The effects of ΔBdmax and ΔFmax were more variable between countries and over time. In many 
cases, but not systematically, increasing ΔBdmax was partly counteracted by ΔFmax, or vice versa. 
These counteracting effects are particularly pronounced in the United States and Austria, where 
growth conditions were optimized at decadal resolution throughout the time periods of investiga
tion. Across case studies, in the more recent decades, ΔBdmax contributed positively to the increase in 
biomass stocks. The cumulative effect of ΔBdmax was positive across case studies (Figure 3(d)), 
contributing to increases in biomass stocks by 30% (4,660 MtC), 64% (303 MtC) and 37% (70 MtC) 
in the United States, France and Austria respectively, across the corresponding time periods of 
analysis. By contrast, change in the actual biomass as a fraction of maximum biomass (ΔFmax) was the 
strongest positive contributor in the United States (54% or 4,660 MtC) and Austria (54% or 103 MtC), 

Figure 2. Forest transitions in the United States (US), France (Fr) and Austria (At): (a) forest biomass stocks, (b) forest area (a), (c) 
forest biomass density (Bd), (d) maximum forest biomass density under contemporary management (Bdmax).
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but negative (−49% or −232 MtC) in France. This result indicates an overall ageing of forests in the 
United States and Austria, but a rejuvenation of forests in France, in line with the pronounced forest 
area expansion in this country.

Our results highlight that forest transitions in general (Figure 2(a)), and the increase in forest 
biomass density in particular (Figure 2(c)) may be the effect of variable underlying processes of forest 
change (Figure 3(d)).

Socio-metabolic drivers of forest transitions

Based on our analytical framework (Figure 1) and the country-wide decomposition analyses 
(Figure 3), we would expect to find specific trends in socio-metabolic drivers of forest transitions, 
provided that (a) the socio-metabolic drivers are dominant over drivers not considered (e.g. other 
forest management and environmental conditions), (b) they affect forests immediately or soon, i.e. 
without delay beyond our time frame of analysis, and (c) if delays between socio-metabolic drivers 
and forest change do occur, no processes prior to the time periods of investigation overshadow the 
interactions described in the period.

The regression analyses (Table 3) reveal that the forest change processes could be predicted by 
changes in socio-metabolic drivers at varying levels of accuracy across countries. In each country, at 
least one socio-metabolic driver resulted in an R2 value of 0.69 or above and a p value below 0.01, 
indicating significant prediction of more than 70% of the change in the respective dependent 
variable.

Figure 3. Processes of forest change investigated in a decomposition analysis in MtC at decadal resolution in the United States (a), 
France (b), Austria (c), and cumulatively as % of the biomass stock in year 1 of the respective time period (B1) (d).
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Forest area (ΔA) expanded in all three countries, therefore agricultural productivity and/or 
agricultural import dependence are expected to increase particularly in Austria and France, where 
forest expansion was most pronounced and most persistent. The adjusted R2 values for the regres
sions explaining forest area change as a function of agricultural productivity and agricultural import 
dependence were highest in France (0.90) and Austria (0.81), where forests expanded more, but low 
(0.21) in the United States. We found strong collinearity of agricultural intensity and agricultural trade 
in the United States.

Agricultural productivity increased in all countries (Figure 4(a)), resulting in significant, but 
variable regression coefficients. The lowest regression coefficient (0.05) is observed in France 
where high rates of agricultural intensification coincided with consistent forest expansion. Here, 
a combination of technological improvements most effective after World War II, political interven
tions such as the Common Agricultural Policy implemented as early as 1962, and favourable 
environmental conditions (specifically the lowland silty-loamy soils of Northern France) enabled 
rapid agricultural productivity increase (Duby & Wallon, 1976; Servolin, 1985). In Austria, despite 
explicit technological and political efforts to enhance productivity, increases in agricultural produc
tivity were less pronounced (Gingrich et al., 2015; Krausmann et al., 2003), but agricultural produc
tivity displays a higher regression coefficient (0.37) than in France, indicating that one unit of 
agricultural intensification was connected to larger forest expansion in Austria. In the United 
States, agricultural productivity substantially increased in the 20th century too, interrupted only 

Table 3. Linear regression results for the country-level processes of forest change (rows: Bdmax: maximum forest biomass density 
under contemporary management and environmental conditions; Fmax: actual biomass as a fraction of maximum biomass) and 
the socio-metabolic drivers in the respective countries (columns): regression coefficient per independent variable, and adjusted 
coefficient of determination (R2) per regression model. Levels of significance are indicated by asterisks: * 0.01 < p < 0.05; ** 
p < 0.01. a Regression was performed for 1878–2010 due to data availability; b Regression was performed for 1920–2010 due to 
data availability.

Agricultural 
productivity 
[tCha−1yr−1]

Agricultural import 
dependence [% of 
Domestic Material 

Consumption]

Forest 
grazing 

[tCha−1yr−1]

Wood 
harvest 

[tCha−1yr−1]

Wood import 
dependence [% of 
Domestic Material 

Consumption]

Woodfuel 
importance 

[% of 
Domestic 

Energy 
Consumption]

Multiple regression coefficients

Simple 
regression 
coefficient

Simple 
regression 
coefficient Multiple regression coefficients R2

USA (1920–2010)
Forest Area  

[Mha]
7.68** 0.54** 0.21**

Bdmax[tCha−1] −212.1** 0.69**
Fmax [%] 34.6** 0.23**

−0.58** −0.82** 0.24**

France (1850–2010)
Forest Area 

[Mha]
0.05** −0.17** 0.90**

Bdmax 

[tCha−1]
−630.5** 0.67**

Fmax [%] −13.4** 0.02**
−0.03a 0.18**a 0.47**a

Austria (1830–2010)
Forest Area 

[Mha]
0.36** −0.00 0.81**

Bdmax 

[tCha−1]
−768.5** 0.28**

Fmax [%] −12.2** 0.21**
0.02b −0.10 *b 0.06*b
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during the 1930s and 1940s, due to events such as the ‘Dust Bowl’ and the ‘Great Depression’ 
coinciding with agricultural expansion (Cunfer et al., 2018; Gierlinger & Krausmann, 2012; Hornbeck, 
2012).

Aggregate agricultural import dependence did not increase in any of the case studies: while in the 
19th century, both Austria and France were net importers of agricultural biomass, import depen
dence declined in Austria in the second half of the 20th century, and the United States and France 
became major net exporters of agricultural products in this period (Figure 4(b)). The physical trade 
balances alone obscure that as part of an increasingly globalized market of agricultural products, the 
three countries also imported significant amounts of agricultural products, impacting remote 
regions of production (Kastner et al., 2014; Roux et al., 2021). In France and Austria, regression 
coefficients of agricultural import dependence are even negative, indicating that contrary to our 
expectations, across the time periods investigated, decreases in agricultural import dependence 
coincided with growing forest areas.

Forest grazing, the only socio-metabolic driver we linked to Bdmax, declined in all case studies, 
with the most pronounced dynamic in the mid-20th century, and the least total intensity in Austria 
(Figure 4(c)). Despite the limited data robustness of this indicator, change in forest grazing has a high 
R2 in the United States (0.69) and France (0.67), and a low R2 only in Austria (0.28), where the intensity 
and temporal dynamic of forest grazing was least pronounced. In France and the United States, 
decreasing forest grazing thus emerges as an important driver of improved forest growth conditions.

Finally, Fmax, the actual forest biomass as a fraction of the maximum biomass, may, according to 
our analytical framework, be influenced by trends in wood harvest or forest area expansion, which 
resulted in rejuvenation in France (Figure 2(b)), as well as by additional factors which we did not 
account for, such as other forest management or changing environmental conditions. Wood harvest 
emerged as a surprisingly poor predictor of Fmax, with adjusted R2 values in the simple linear 
regression ranging between 0.02 (France) and 0.23 (United States, Table 3). Wood harvest declined 
slightly but not consistently only in France, and the increase of wood harvest in the United States 
(Figure 5(a)) resulted in a negative regression coefficient, indicating that counterintuitively, higher 
wood harvest coincided with higher biomass stocks across the time period. In Austria, where 
biomass density was higher than in the other two countries (Figure 2(c)), wood harvest was highest 
throughout the period. This difference may be connected to environmental conditions of forest 
growth allowing for high forest in most of the Austrian territory, while less stocked forests like 
garrigue and chaparral cover large fractions of total forest area in France and the United States, 
respectively. Additionally, in the United States 2% (1900) to 7% (2010) of the total forest area are 
‘reserved’ forests not used for timber harvest (Oswalt et al., 2014). The unexpected decoupling of 
ΔFmax from harvest, though supported only by low adjusted R2 values, could arise from previous 
severe degradation due to forest over-use, e.g. through forest grazing or litter extraction before the 
period under investigation. This is demonstrated both by the long-term increase in maximum 
biomass density in all three countries in this study, and by the large distance from potential biomass 
stocks found in previous work (Gingrich et al., 2007; Magerl et al., 2019).

The multiple regressions conducted for the underlying drivers wood import dependence and 
woodfuel importance confirm that Fmax does not correlate well with socio-metabolic drivers, reach
ing the highest value in France, where R2 is 0.47. However, for France and Austria, limited data 
availability did not enable us to conduct regressions covering the entire time series, and skewed the 
results. Net trade in wood (Figure 5(b)) contributed to the stable domestic wood production in 
France, while in Austria, net exports declined throughout the second half of the 20th century and 
turned into net imports in the 21st century. In the United States on the other hand, wood trade 
balances were fairly stable. Thus, while there is evidence that globally, countries that have experi
enced forest transitions tend to import more forest-risk commodities, including wood from tree 
plantations, contributing to deforestation abroad (Pendrill et al., 2019, 2019), we see no conclusive 
evidence from the three case studies investigated.
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Finally, woodfuel substitution by fossil fuels played a major role in mitigating or stabilizing wood 
harvest on forests in all three countries, as demonstrated by the strong reduction of the woodfuel 
fraction in the energy mix (Figure 5(c)). Even though wood harvest only declined in France, this driver 
would have been much stronger if forests had continued to provide energy (Gingrich et al., 2021; Le 
Noë et al., 2021b). While the regression results on this variable are not conclusive due to differences 
in timing between fuel shifts and the dynamics of Fmax, at least virtually, the energy substitution 
process reduced pressure on forests. The surprisingly low correlation between any of the socio- 
metabolic drivers and Fmax may arise from the fact that trends in this variable are determined equally 
by actual biomass dynamics as by dynamics in Bmax. Therefore, understanding the societal and 
environmental drivers of the Bmax increase emerges as important further research frontier.

Discussion

Our investigation of forest transitions in the United States, France and Austria highlights different 
pathways of long-term forest recovery. While the three forest transitions were the combined results 
of forest area expansion and biomass thickening with diverging relevance of these two factors, 
thickening resulted from two independent factors: Firstly, higher maximum biomass densities 
contributed to growing biomass stocks in all case studies. Secondly, the distance between observed 
and maximum biomass stocks was reduced in two case studies (United States and Austria), further 
explaining vegetation thickening, while this distance increased in France because of forest rejuvena
tion due to area expansion. Going beyond previous analyses investigating forest carbon dynamics as 

Figure 4. Socio-metabolic drivers of forest area change (a) and change in maximum forest biomass density (Bdmax) (a) agricultural 
productivity: Domestic Extraction of agricultural biomass per unit of agricultural area; (b) agricultural import dependence: 
physical trade balance as fraction of domestic consumption of agricultural products (negative values indicate net exports); (c) 
forest grazing as domestic extraction of grazed biomass from forest per unit of forest land.

Figure 5. Socio-metabolic drivers of actual forest biomass as fraction of maximum forest biomass (Fmax) (a) wood harvest: 
Domestic Extraction of wood per unit forest area; (b) wood import dependence: physical trade balance of wood as fraction of 
domestic consumption of wood (negative values indicate net exports); (c) woodfuel importance: fraction of woodfuel in total 
domestic energy consumption.
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the product of forest area and biomass density (Kauppi et al., 2006; Köhl et al., 2015; Shi et al., 2011), 
our novel forest identity thus enables us to identify how biomass density change was affected by 
changes in maximum forest biomass density under given environmental and management condi
tions, and actual biomass as fraction of maximum biomass.

Across case studies and to diverging degrees, the processes of forest change were linked to 
changes in the proximate and underlying drivers of societal resource use, or social metabolism. 
Agricultural intensification was observed in all three countries, and the regression analysis revealed 
that together with agricultural import dependence, this factor has high explanatory power for forest 
expansion in France and Austria, where forest expansion was more pronounced than in the United 
States. This finding is in line with existing research highlighting that agricultural intensification and 
spatial concentration of agriculture are major enabling conditions of forest recovery in many 
national forest transitions (García et al., 2020; Jadin et al., 2016) and globally (Burney et al., 2010).

In addition, we found that the decline of forest grazing was concomitant to the increase in 
maximum forest biomass density across case studies, confirmed by high R2 values in the United 
States and France, thus suggesting that a reduction of forest secondary uses was a major driver of 
improved forest growth conditions enabling forest recovery. While data on forest grazing rely on 
rough estimates, this result is consistent with previous studies highlighting the impact of grazing on 
biomass stocks (Erb et al., 2018). Quantifying the relative contribution of reduced forest grazing to 
changes in maximum forest biomass, as opposed to other factors such as environmental change and 
other forest management, remains an important research frontier.

Beyond these clear connections between forest change and agricultural change, our analysis also 
points towards more complex impacts of resource use on forest change: Our results only partly 
confirm that a change in wood harvest affected the dynamics in forest biomass stocks as a fraction of 
maximum biomass: instead, we even observe periods of simultaneous increases in harvest and 
biomass stocks. However, such a simultaneous increase is a transitory phenomenon, apparent after 
the reduction of forest side uses, and is not sustained over time periods longer than a few decades in 
any of the case studies we analysed. Better integrating legacy effects in the analysis of harvest 
impacts on forest biomass stocks (Thom et al., 2018) is therefore a major task for future research, 
particularly in the context of ongoing climate change affecting forest resilience (Johnstone et al., 
2016; Reyer et al., 2015).

The declining share of woodfuel in total energy consumption in all three case studies, while not 
concomitant with dynamics in biomass recovery, underlines the changing role of forests during 
forest transitions from providing a plethora of resources towards a commodification for timber 
production (Heilmayr et al., 2016; Magerl et al., 2022; Pichler et al., 2021b). This change in the 
provisioning function of forests is connected to resource substitution and associated problem shifts 
i.e. use of more efficient energy carriers instead of woodfuel, leading to increased supply and 
demand of these energy sources and thus surging greenhouse gas emissions from fossil energy 
use (Henriques & Borowiecki, 2017).

Finally, using the socio-metabolic indicator physical trade balance of biomass, our results did not 
substantiate the hypothesis that the production of agricultural biomass or the recovery of forests 
largely relied on biomass imports in any of the case studies. Of course, the indicators chosen only 
represent tons of net trade in biomass as fraction of domestic consumption, irrespective of the land 
demand or deforestation impacts of different traded products, which are specifically high e.g. for 
beef and soy in the Amazon (Zu Ermgassen et al., 2020; Nepstad et al., 2014), or oil palm in Southeast 
Asia (Austin et al., 2017; Vijay et al., 2016). Also, the limited sample size of only three case studies, two 
of which are major exporters of agricultural products, may contribute to a bias here. Despite these 
limitations, and in stark contrast to deforestation and forest degradation being linked to production 
for exports in several countries of the Global South (Henders et al., 2015; Pendrill et al., 2019; Roux 
et al., 2021), our results point to the fact that forest recovery is not necessarily enabled by increased 
biomass imports in industrialized countries.
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Our analysis has demonstrated that forest change may be the result of a number of dynamics within 
the forest, enabled by diverging proximate and underlying drivers associated to resource use. Ending 
deforestation today, a major challenge in many tropical countries in the Global South (Harris et al., 2021; 
Le Noë et al., 2021a), will need to avoid falling into patterns of unsustainable resource use characteristic 
of today’s industrialized countries (Fanning et al., 2021; O’Neill et al., 2018). Specifically, our findings 
highlight two major sustainability challenges connected to present and future forest conservation.

Firstly, it will be crucial that harvest allows for conserving forest C sinks while satisfying the needs of 
diverse social groups, specifically under expected further increase of forest disturbances due to 
climate change (Seidl et al., 2017) when high harvest levels may no longer coincide with continuing 
forest growth, as in the historical cases described here. This may entail reducing the levels of annual 
wood extraction in intensively used forests (Law et al., 2018), and challenges the overly optimistic 
plans to increase wood use as a sustainability strategy. Other options for energy provision appear 
more promising, focusing on reducing land demand (Milbrandt et al., 2014; Turkovska et al., 2021) and 
fostering energy savings and equitable access (Millward-Hopkins et al., 2020; Oswald et al., 2020).

Secondly, minimizing agricultural land demand and mitigating emissions, while providing healthy 
food for all will be a major future sustainability challenge. Here, combining low-meat diets with 
agroecological intensification (Billen et al., 2021; Morais et al., 2021; Theurl et al., 2020), including the 
integration of trees in agricultural systems (Ramachandran Nair et al., 2009), appear as promising 
options. In addition, support for context-specific sustainable land-use practices that preserve forest 
ecosystems or increase forest cover while meeting local needs has been demonstrated to be not only 
more just, but also more effective, if collaboration with local communities (Min-Venditti et al., 2017) 
and specifically with Indigenous Peoples (Sze et al., 2021) is realized.

Conclusion

This study investigated long-term forest transition pathways, the forest change processes they 
resulted from and the proximate and underlying socio-metabolic drivers enabling them in the 
United States, France, and Austria. We demonstrated that the relative contribution of area, biomass 
maximum per area, and biomass stocks as fraction of maximum play diverging roles in explaining the 
different forest transitions, opening new grounds for exploring the dynamics of long-term forest 
change. In addition, we identified connections between forest dynamics and agricultural intensifica
tion and reduced forest grazing, demonstrating how forest change is impacted by agricultural 
practices in specific ways. Our findings call for further investigations of what impacted long-term 
dynamics in forest growth conditions, and for integrated perspectives on forest conservation that 
take long-term problem shifts between the forest use and other land and resource use into account.
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