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Abstract

Disturbances alter composition, structure, and functioning of forest ecosystems, and their legacies 

persist for decades to centuries. We investigated how temperate forest landscapes may recover 

their carbon (C) after severe wind and bark beetle disturbance, while being exposed to climate 

change. We used the forest landscape and disturbance model iLand to quantify (i) the recovery 

times of the total ecosystem C, (ii) the effect of climate change on C recovery, and (iii) the 

differential factors contributing to C recovery. We reconstructed a recent disturbance episode 

(2008–2016) based on Landsat satellite imagery, which affected 39% of the forest area in the 

16,000 ha study landscape. We subsequently simulated forest recovery under a continuation of 

business-asusual management until 2100.

Our results indicated that the recovery of the pre-disturbance C stocks (C payback time) was 

reached 17 years after the end of the disturbance episode. The C stocks of a theoretical 

undisturbed development trajectory were reached 30 years after the disturbance episode (C 

sequestration parity). Drier and warmer climates delayed simulated C recovery. Without the 

fertilizing effect of CO2, C payback times were delayed by 5–9 years, while C parity was not 

reached within the 21st century. Recovery was accelerated by an enhanced C uptake compared 

to undisturbed conditions (disturbance legacy sink effect) that persisted for 35 years after the 

disturbance episode.

Future climate could have negative impacts on forest recovery and thus further amplify climate 

change through C loss from ecosystems, but the effect is strongly contingent on the magnitude and 

persistence of alleviating CO2 effects. Our modelling study highlights the need to consider both 

negative and positive effects of disturbance (i.e., C loss immediately after an event vs. enhanced C 

uptake of the recovering forest) in order to obtain a comprehensive understanding of disturbance 

effects on the forest C cycle.
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1 Introduction

Natural disturbances critically affect structure and functioning of forests, and shape spatial 

patterns in ecosystems (Buma, 2015; Kulakowski et al., 2017; Turner, 2010). Recently, the 

effect of disturbances on the forest C cycle has been increasingly scrutinized, because forest 

fires, windstorms and insect outbreaks can cause a release of substantial amounts of carbon 

(C) from forests to the atmosphere (Liu et al., 2011a; Seidl et al., 2014a), and thus amplify 

climate change. For example, recent insect outbreaks have turned forests in Canada from a 

C sink to C source, and future outbreaks have the potential to thwart positive management 

effects on the forest C balance (Dymond et al., 2010; Kurz et al., 2008a). In Europe, a 

series of recent large-scale windstorm events, including the storms“Lothar” (1999), “Kyrill 

(2007)”, “Emma” (2008), “Klaus” (2009) and “Niklas” (2015) (Bonazzi et al., 2012; Fink 

et al., 2009), severely affected the demography, spatial structure and biogeochemical cycles 

in forests. These extreme climatic events frequently serve as triggers for biotic disturbance 

from insect pests, with interactions that have the potential for non-additive outcomes (Buma, 

2015; Seidl and Rammer, 2017).

Most forest ecosystems are able to recover from major perturbation within decades to 

half-centuries (Jones and Schmitz, 2009). However, legacies of forest disturbance events 

can persist considerably beyond this time frame, and range from altered forest understorey 

(Bače et al., 2017), to modified stand structure (Seidl et al., 2014a) and the associated 

susceptibility to subsequent disturbance (Janda et al., 2017). Johnstone et al. (2016) 

distinguish information legacies, such as disturbance adaptation of species, and material 
legacies, such as seed banks, survivors, biomass and nutrient pools. Disturbances typically 

result in short-term C losses (Lindroth et al., 2009) due to reduced C uptake of the post-

disturbance forest (Peters et al., 2013) and increased C losses from respiration (Mayer et al., 

2017). This initial post-disturbance C release is subsequently reduced by early-seral species, 

which swiftly recolonize disturbed areas (Thuille et al., 2000). The resulting C sink of the 

new tree cohort of recovering forest increases with time since disturbance and culminates 

at age of ca 10–40 years, depending on forest type (Luyssaert et al., 2007; Zhou et al., 

2015). However, increasing drought and excessively large disturbed areas could hamper 

post-disturbance tree regeneration (Hansen et al., 2018; Harvey et al., 2016), and thus 

lead to increased C losses after disturbance. For example, Fleischer et al. (2017) reported 

that a windthrow in the High Tatras Mts. (Slovakia) turned the forest into to a large C 

source, with the C balance still being negative 10 years after the event. A different pattern 

of post-disturbance C dynamics was reported by Moore et al. (2013), who found similar 

declines in gross primary production and respiration, resulting in little change in the net C 

flux after the severe tree mortality from insects in Colorado, USA.
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Disturbances can also induce increased forest growth and C uptake in the decades following 

the event, resulting in a so-called regrowth sink or legacy sink (Williams et al., 2012; Yue 

et al., 2016). The mechanisms behind this legacy sink include reduced competition for 

resources, increased nutrient availability for the tree cohort recovering from disturbance and 

higher C uptake from young forests and fast-growing early-seral species (e.g. Zhou et al., 

2015). Such recovery from natural and human disturbances makes an important contribution 

to the current terrestrial C sink of the northern hemisphere (e.g., Goodale et al., 2002; Liu et 

al., 2011a,b; Pan et al., 2011). Yue et al. (2016), for instance, estimated that the current-day 

forest fire emissions are balanced out by the legacy fire sink in the boreal region.

The future of post-disturbance C recovery remains incompletely understood, causing 

considerable uncertainty regarding the C cycle effects of natural disturbances in forests 

(e.g. Metsaranta et al., 2011). The potential effects of climate change further increase the 

uncertainty of the future role of temperate forests in climate regulation (Thom et al., 2017b). 

Climate change might intensify forest disturbance regimes in many parts of the world (Seidl 

et al., 2017a, 2014b), but can have variable effects on the forest C cycle and forest recovery. 

An elevated atmospheric CO2 concentration and prolonged vegetation periods resulting from 

climate change could amplify the C sink effect (e.g., Keenan et al., 2014; Reyer et al., 

2014), and contribute to a faster forest recovery after disturbance. However, there is also 

evidence that even an enhanced net primary production may not be able to offset the C 

loss from intensified disturbances (Kurz et al., 2008b). Therefore, a better understanding 

of future forest recovery is essential to improve our understanding of the forest C cycle. 

Furthermore, recovery is an important indicator of resilience, providing crucial information 

on the response of ecosystems to changing disturbance regimes (Buma et al., 2013; Seidl et 

al., 2016).

Here our objectives were to assess how a large-scale stand-replacing disturbance affects 

the forest C cycle, and to quantify the speed of its recovery. Subsequently, we investigated 

how future climate change might alter recovery times. We are addressing these questions 

focusing on a central European mountain forest landscape, which has experienced strong 

natural disturbances over the last 20 years. Based on theoretical understanding and previous 

work we hypothesized an initial C loss after disturbance resulting from simultaneously 

reduced C uptake from NPP (Peters et al., 2013) and increased C release from heterotrophic 

respiration (Mayer et al., 2017), and a persistent C gain in the decades following the 

event (as result of vigorous growth of the recovering tree cohort). In particular, we 

hypothesized the C gain to outweigh the C loss from disturbance after a few decades; 

i.e. we expected a future legacy C sink from recent disturbances (Williams et al., 2013). 

Given the mountainous environment of the study region (resulting in plant growth being 

limited by temperature in the past), we also hypothesized that climate change would have 

predominately positive effects on tree growth, C uptake and recovery times for our study 

system.

Empirical investigations of disturbance impacts on forest C and pathways of forest recovery 

have mainly focused on short-term effects to date (e.g., Lindroth et al., 2009; Mayer et 

al., 2017). A longer-term perspective on forest C recovery can be gained from applying 

chronosequence approaches (e.g., Kashian et al., 2013; Zehetgruber et al., 2017). Yet, these 
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retrospective analyses are not able to account for the potential effects of future changes in 

the climate system. Therefore we utilized a simulation modelling approach, which allows 

the consideration of multiple interactive processes affecting the forest C cycle, such as 

management, disturbances, regeneration of disturbed areas, as well as the consideration of 

different potential future scenarios of climate.

The quantification of recovery inherently depends on the reference conditions used for 

defining recovery success. While empirical approaches frequently use the state of the system 

before a disturbance as such a reference (Lindroth et al., 2009; Lloret et al., 2011; Seidl 

et al., 2017b), this approach neglects the idiosyncratic nature of any given pre-disturbance 

system state as well as the natural dynamics of ecosystems. Using simulations allowed us to 

assess forest recovery against a dynamic reference condition via considering a hypothetical 

undisturbed development trajectory of our study landscape. Building on C accounting 

advances from studies of bioenergy systems we specifically calculated (i) the C payback 

time, when the value of the pre-harvest C is reached, and (ii) the C sequestration parity, 

when the value of the reference development is reached (Fargione et al., 2008; Lamers et al., 

2014; Lamers and Junginger, 2013).

2 Methods and materials

2.1 Simulation model

We used the individual-based forest landscape and disturbance model iLand (Seidl et al., 

2012a) to simulate the forest C cycle effects of management, disturbances and climate 

change. iLand is a process-based ecosystem model that simulates forest landscape dynamics 

within a hierarchical multi-scale framework (e.g., Mäkelä, 2003), i.e. the model treats 

different processes at different spatial and temporal scales. The main entity in the model 

is a tree, for which the demographic processes of growth, mortality, and regeneration are 

simulated. Processes at the stand and landscape scale constrain the dynamics of individual 

trees and thus allow for a robust scaling of tree-scale processes to large areas (Seidl et al., 

2012a).

Primary production is calculated from the utilizable absorbed photosynthetically active 

radiation (uAPAR) following a light-use efficiency approach (Landsberg and Waring, 1997). 

The atmospheric CO2 concentration modifies production efficiency via a Michaelis-Menten-

type equation, and is influenced by environmental factors such as water and nitrogen 

availability (Friedlingstein et al., 1995). The utilizable fraction of APAR is determined by 

environmental constraints, which include temperature, vapour pressure deficit, soil water and 

nutrient availability. Production physiology is calculated at the stand level and the relative 

contribution of each tree in a stand is determined via its leaf area, absorbed radiation, and 

species-specific potential to utilize light.

Allocation of assimilated C to tree compartments is based on allometric ratios. The model 

tracks live C stocks in stem, branch, foliage, coarse root and fine root pools. A closed 

C cycle is simulated by tracking C in detritus and soil pools. Snags and the transition 

from snags to downed woody debris (DWD) are simulated explicitly (Thom et al., 2017b). 

Specifically, tree mortality results in an input of the above-ground C of a tree to the standing 
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woody debris pool (SWD). C in foliage and fine root compartments of a dead tree are 

moved to the litter pool in the year of death, while branch and coarse root C are routed 

to the DWD pool over the five years following death. The remaining SWD C undergoes 

decomposition, and is eventually transferred to DWD via a species-specific snag half life 

function. Decomposition rates are dependent on temperature and humidity.

iLand simulates disturbances in a spatially explicit manner and contains process-based 

modules for a variety of disturbance agents. In addition to disturbances, individual tree 

mortality is simulated based on species-specific maximum age (Keane et al., 2011) and 

the occurrence of stress (Seidl et al., 2012a). C starvation is used as a process-oriented 

indicator of tree stress, and can result from competition for resources as well as suboptimal 

environmental conditions for tree growth.

Tree regeneration, which is an important process for our analysis of post-disturbance forest 

recovery, depends on the availability of seeds, which are distributed through the landscape 

from mature trees via dispersal kernels. Light availability and thermal requirements 

determine the probability of establishment, provided a seed is present at a 2 × 2 m cell 

(Seidl et al., 2012b). After establishment, the growth and mortality of saplings up to 4 m 

in height are simulated in height-based tree cohorts. Traits determining competitive strength 

are parameterized at the level of tree species (e.g., shade tolerance, drought tolerance, 

nutrient demand) (Seidl et al., 2012b). These traits together with the dynamically changing 

environmental conditions (e.g., the shifting light mosaic on the forest floor, the temporal 

variability in climate conditions) result in the emergence of a dynamic equilibrium of tree 

species (including the coexistence of species with compatible traits) in the absence of 

disturbance.

iLand integrates an agent-based model of forest management (Rammer and Seidl, 2015), in 

which general stand treatment programs are dynamically adapted to the forest state emerging 

from the simulation. Management interventions are conducted at the level of individual 

trees, while constraints at the stand-level and management unit-level are observed. We here 

applied a single forest management agent with consistent management rules across the study 

landscape (see Section 2.5 for details), but diverse multi-owner landscapes can also be 

simulated in iLand.

The model was extensively tested and evaluated across a range of ecosystems in Europe 

and North America in previous studies (Seidl et al., 2012b; Silva Pedro et al., 2015; Thom 

et al., 2017a). However, this is the first study applying iLand in the Western Carpathians. 

Therefore, prior to addressing our research questions we extensively evaluated the model 

performance at our study landscape, following a pattern-oriented approach (Grimm et al., 

2005). Specifically, we compared simulated productivity, regeneration and mortality against 

independent observations (see Section 3.1 below for details).

A comprehensive documentation of iLand as well as model code and executable are 

available online at http://iLand.boku.ac.at.
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2.2 Study region

The study region is located in the Low Tatras Mountains in Slovakia (Lon 20.088–

20.275, Lat 48.920–49.061, Central Europe, Western Carpathians) and covers an area of 

approximately 16,000 ha (Fig. 1a). The forest cover is 70% (11,200 ha), and is dominated 

by Norway spruce (Picea abies (L.) Karst.), which makes up 75% of the forest area (8427 

ha). European larch (Larix decidua Mill.) 10% (1154 ha), Scots pine (Pinus sylvestris L.) 9% 

(1000 ha), Silver fir (Abies alba Mill.) 3% (345 ha), and European beech (Fagus sylvatica 
L.) 2% (238 ha) are other important species on the landscape.

The region is framed by two mountain ridges in the north and south of the landscape, 

separated by a central valley dominated by non-forest land use. The elevation range is 620–

1550 m a.s.l. Air temperature during the growing season (April–September) ranges from 

12 to 15 °C, and growing-season precipitation ranges from 380 to 510 mm. Cambisols and 

Podsols prevail, while Rendzinas occur on calcareous bedrock, which occurs in the highest 

reaches of the landscape.

The entire forest area is under the stewardship of a private forest management enterprise 

(ProPopulo). An even-aged management system with a rotation period of approximately 100 

years is implemented. The dominant silvicultural approach to tree regeneration in stands 

with fir and/or beech admixtures is a uniform shelterwood cut. In spruce monocultures, a 

small-scale clearcutting system is applied. Maximum cutblock size is 3.0 ha in all systems.

Recent years have been characterized by high natural disturbance activity, followed by 

high levels of salvage and sanitation felling. The natural disturbance regime consists of 

bark beetles (mainly Ips typographus L.) and wind disturbance. In the period 1996–2010, 

39% of the forest area was affected by disturbances (Fig. 1b, Supplementary Material 2), 

as documented by national statistics (Kunca et al., 2015) and remote sensing data. The 

landscape level growing stock decreased from 4.22 106 m3 in 1996 (average of 380 m3 ha−1) 

to 1.93 106 m3 in 2016 (average of 173 m3 ha−1) (Source: National Forest Centre, Slovakia). 

At the same time, the landscape-level forest age distribution was substantially shifted 

towards early-seral stages (Fig. 1c). The landscape and its recent disturbance history is 

thus typical for many Central European areas that have experienced large-scale disturbances 

in recent years (Senf et al., 2017).

2.3 Stand and environmental data

Stand and site data were taken from forest management plans (FMP) provided by the 

National Forest Centre, Slovakia. FMPs contain a polygon vector map that seamlessly 

covers the entire forest area of the country. Polygons represent forest stands that are 

described using attributes such as stand structure, species- and cohort-specific mean stand 

height and diameter, standing volume, site index, mean stand age, stand density, etc. The 

records are updated via field-based forest inventories in a 10-year cycle.

These data were used to initialize the state of the forest in the landscape simulation model 

iLand. Specifically, the attributes used were number of trees per hectare, stand age, and 

diameter at breast height (DBH). Individual tree diameters were randomly drawn from 

diameter distributions centred on the mean DBH of each stand, with the variance derived 
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from forest plots in the region. Saplings (trees below 4 m height) were initialized as height 

cohort with tree height data derived from FMPs.

iLand requires information on soil type and depth and uses plant-available nitrogen (N) as 

a proxy for nutrient availability. This information was derived on a 100 x 100 m grid from 

the national forest soil database (National Forest Centre, Slovakia). Because soil depth was 

only available as categorical variable, depth information for each stand was sampled from a 

normal distribution centred on the mean soil depth of each of the five depth categories. The 

variance of the distributions was set to allow a 20% overlap with neighbouring categories to 

ensure the continuity of the thus derived data. The soil database contained a relative nutrient 

content (0–1), which was used to estimate the plant-available N (kg ha−1 year−1) based on 

iLand-internal model logic (Seidl et al., 2012a).

Daily meteorological data from the nearby meteorological station (Poprad-Ganovce, Slovak 

Hydrometeorological Institute) was used as a starting point for deriving the climate 

information necessary for simulation. The landscape was classified into 18 elevation 

categories, 8 slope categories and 8 aspect categories based on topography, using a grid 

of 100 × 100 m. Daily minimum and maximum air temperature as well as precipitation data 

were recalculated to each elevation, slope, and aspect category using the MTClim model 

(Mountain Microclimate Simulation Model; Hungerford et al., 1989). Eight weather stations 

in the surrounding of the study region were used to estimate the lapse rate parameters for 

temperature and precipitation required by MTClim. Daily global radiation data were directly 

derived from MTClim. Vapour pressure deficit was calculated from downscaled temperature 

data and observed relative humidity according to Murray (1967).

With regard to possible future climate trajectories, regional climate model (RCM) 

simulations conducted in the framework of the CORDEX project (Coordinated Regional 

Climate Downscaling Experiment, Giorgi et al., 2009) were used. Five climate trajectories 

were generated by the RCM RCA4, driven by the global climate models (GCMs) 

CM5A-MR, CNRM-CM5, EC-EARTH, MOHC-HADGEM2-ES and MPI-ESM-LR. Two 

additional climate trajectories were generated by the RCMs HIRHAM5 and RACMO22E, 

which were both driven by the GCM EC-EARTH (see Appendix A for more details on 

the climate models used). Each GCM-RCM combination was driven by two Representative 

Concentration Pathway (RCP) scenarios (RCP4.5 and RCP8.5; Moss et al., 2010), resulting 

in 14 projections of future climate considered in the analysis. Weather station data were 

used for bias correction of the RCM outputs using the procedure described in Štepánek et 

al. (2016). Data for all climate scenarios were recalculated to a 100 m grid within the study 

region using a single RCM grid cell located within the landscape, and applying the same 

method as used for observational data (Table 1.). CO2 concentrations used to drive the forest 

simulations were defined by the two RCP scenarios used, and reached 538 ppm and 936 

ppm in 2100 under RCP4.5 and RCP8.5 runs, respectively.

2.4 Model evaluation

Productivity testing was based on a comparison of measured and simulated site indices (SI), 

defined as the stand height at age 100 years. Simulations of monospecific stands with an 

initial age of 30 years were run based on the stem number trajectories defined in national 
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yield tables for the respective SIs (Halaj and Petráš, 1998). Productivity tests focused on 

the five most abundant species in the region – Norway spruce, European beech, European 

larch, Scots pine and Silver fir. Two testing datasets were used – FMP data and National 

Forest Inventory data (Source: National Forest Centre, Slovakia). For the FMP-based testing, 

80–130 forest stands in which the focal species occurred were selected randomly throughout 

the landscape. For the NFI-based testing, 31 plots distributed in a regular 4 × 4 km grid in 

and around the study region were used (see Supplementary Material 1 for more details).

Given the limited availability of empirical mortality data, we tested the reliability of the 

simulated mortality against the self-thinning coefficients of Reineke (1933) and Yoda et al. 

(1963). Mortality testing used the same simulation design as the productivity evaluation, but 

without simulating tree removal through management.

Long-term forest dynamics was tested by comparing the species composition emerging from 

the simulations after 2000 simulation years without disturbance to the natural vegetation 

map of the region (Rizman et al., 2005). These simulations were started from bare ground, 

were run using reference climate (i.e. a climate series generated by random sampling of 

years from the period 1970–2000 with replacement), and assumed background levels of seed 

input from all species across the landscape. In addition to the evaluation of the tree species 

composition emerging at the end of the simulation period also the ecological plausibility of 

species succession over the course of the simulation was assessed.

2.5 Study design and recovery indicators

Prior to scenario simulations a 600-year spin-up run was performed to estimate the initial 

litter, dead wood and soil C pools. The spin-up was also used to determine the spatial 

position of individual trees within a stand, information that cannot be extracted from the 

available inventory data. The spin-up duration was chosen based on the natural disturbance 

rotation period in the region, corresponding to twice the average rotation period calculated 

for managed forests (Thom et al., 2013) and extending to the rotation period derived for the 

most severe natural disturbance events recorded in primeval forests (Janda et al., 2017). The 

spin-up started from bare ground with seeds of all species being available. For each stand, 

the stand structure as recorded in the FMP from 1996 (initial year of simulation) was set as 

target value. Management was considered during the spin-up period. After 400 spin-up years 

had elapsed the spin-up was stopped individually for each stand when the simulated stand 

structure matched the FMP target values. The initial year of our analysis was 1996, and both 

stand structure and pool sizes for the soil, litter and dead wood C pools were derived by 

means of the above described spin-up procedure.

For each year in the period 1996–2016 we imposed the observed pattern of disturbances 

in the simulation, with the main disturbance event occurring in the period 2008-2016. 

Disturbance extent and location were taken from Landsat data (see Fig. 1 and 

Supplementary Material 2), while disturbance severity was deduced from FMP data. The 

share of timber disturbed by wind and bark beetles was set to 50:50 for all years except for 

the year 2008, when a major windstorm affected the landscape and 80% of disturbance was 

assumed to be due to wind.
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Management of the landscape was simulated dynamically, i.e. with operations adapted 

to the stand conditions emerging in the simulation (based on Rammer and Seidl, 2015). 

The applied forest management strategy was simulated based on the same set of rules 

in all simulation runs and remained the same over the entire study period 1996–2100. 

Management measures included tending, thinning and harvesting, with timing and intensity 

of operations modelled after the management practice currently applied in the region (Halaj 

and Petráš, 1998). Depending on the SI, 3–4 thinning operations were applied and rotation 

periods ranged from 90 to 140 years. In spruce monocultures a clearcut system was applied, 

while a shelterwood system was simulated in mixed stands. Management also included 

salvaging of disturbed timber, with an extraction rate of 60%. Following the practice 

currently applied in the region, tree stems were removed by salvaging, while branches and 

roots remained in the forest.

To obtain a dynamic baseline for assessing disturbance recovery we ran an additional 

simulation applying the same study design as described above, but without imposing 

disturbances in the period 1996–2016. In all runs no further disturbances were simulated 

beyond 2016, in order to study the recovery from the recent disturbance episode and control 

for compounding effects of subsequent disturbances.

To evaluate the effect of climate change on disturbance recovery, we ran simulations under 

reference climate and the 14 climate change scenarios. For simulations under reference 

climate we created a climate time series for 1996–2100 by randomly sampling years with 

replacement from the period 1971–2000, and keeping the CO2 concentration constant at 

367 ppm. The entire simulation experiment thus consisted of 31 simulation runs: spin-up + 

(disturbed + undisturbed) × (reference climate + RCP4.5 × 7 RCMs + RCP8.5 × 7 RCMs).

To investigate the recovery of total forest C (Ctotal) after the disturbance episode of 2008–

2016, we adopted methodological advances in C accounting emerging from the evaluation 

of bioenergy systems (Fargione et al., 2008). Contrary to the original use of the concept, we 

here focus only on C in the ecosystem, and do not consider effects related to C in wood 

products, bioenergy, fossil fuel substitution or supply chain emissions. Specifically, two 

indicators were calculated, C parity and C payback time. C parity describes the time needed 

to reach the C level of the hypothetical undisturbed development of the landscape (Fig. 

2)(Fargione et al., 2008; Lamers et al., 2014; Lamers and Junginger, 2013). It is calculated 

as:

Parity = ∑
i = 1

n 1, if DistCtotali < RefCtotali
0, if DistCtotali > RefCtotali

RefCtotali is the total ecosystem C of an undisturbed reference simulation in year i. i is 

counted from the last year of the disturbance episode (2016), n is the number of simulation 

years from the end of disturbance episode. The second indicator, C payback time (also 

referred to repayment time or C break-even), quantifies the number of years needed to reach 

the pre-disturbance C level (Fig. 2), i.e.:
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Payback = ∑
i = 1

n 1, if DistCtotali < Ctotalpredist
0, if DistCtotali > Ctotalpredist

DistCtotali is the total ecosystem C of the disturbed simulation in year i, Ctotalpredist is 

the total ecosystem C prior to disturbance (2007 in the current study). As the disturbed 

and reference run diverged slightly already in 2007, we averaged over both trajectories for 

determining Ctotalpredist (Fig. 2).

To investigate the effects of future climate on C cycle recovery in greater detail, we explored 

the response of payback and parity times to the projected changes in selected climate 

variables across the 14 studied climate trajectories (7 RCMs × 2 RCPs). Specifically, we 

evaluated trends in payback and parity times across the between-scenario climate variation 

in the period 2030–2060 (including reference climate), i.e. the time period during which 

most of the simulations reached C payback and parity.

To better understand the drivers of simulated forest recovery, we isolated the effects of 

changes in climate variables from changes in atmospheric CO2 concentration. To that end, 

an additional set of simulations were run under changing climate, while keeping the CO2 

concentration constant at the reference level of 367 ppm. To quantify the effect of climate 

alone, we contrasted simulations driven by reference climate with simulations under climate 

change, with both sets run under reference CO2 conditions. To isolate the effect of CO2, we 

compared simulations driven by changing climate and projected future CO2 concentrations 

to simulations under a changing climate and reference CO2 levels.

Finally, we analysed the mechanisms driving C recovery by individually investigating the 

main components of the forest C cycle during and after disturbance. Specifically, the 

investigated fluxes were: Gross Primary Productivity (GPP); Net Ecosystem Production 

(NEP = GPP - Reco), where Reco = (Rauto + Rh), with Rauto denoting autotrophic respiration 

and Rh heterotrophic respiration; and Net Ecosystem Carbon Balance (NECB = NEP + 

management C loss) (Chapin et al., 2006). C in living biomass (Cliving), which includes 

aboveground compartments and roots, was used as an indicator of lateral C fluxes related to 

harvests and salvaging. All analyses of simulation results were conducted using R v.3.3.2 (R 

Core Team, 2016).

3 Results

3.1 Model evaluation

Productivity differences throughout the landscape were generally well captured by iLand, 

based on the comparison of simulated and observed SI, with an overall proportion of the 

variance explained of 0.67 when tested against FMP data. However, model performance 

differed between tree species and reference datasets (FMP and NFI) (Table 2). Productivity 

of the dominating Norway spruce was simulated with moderate accuracy compared to FMP 

data (R2 0.52), but showed only poor correspondence to NFI data (R2 0.16). European beech 

and silver fir consistently performed well against both reference datasets (R2 0.70 – 0.94). 

European larch also performed well (R2 0.87), while Scots pine simulations showed the 
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overall lowest correspondence to reference data (R2 0.01 – 0.31). Simulated SI had a minor 

but not significant bias when compared to FMP-based SI across all species, while the bias 

was significant when NFI-based SI values were used as reference. Simulated SI values also 

tended to have lower overall variability compared to reference data.

The comparison of simulated tree mortality against the self-thinning coefficients of Reineke 

(-1.605) and Yoda (-0.5) showed the expected reduction in stem number with increasing tree 

size and stand biomass. Although there were differences in the coefficients between species, 

the average coefficient across all-species was −1.73 ± 0.21 for Reineke and −0.53 ± 0.17 for 

Yoda, corresponding well to the theoretical expectations (see Supplementary Material 1 for 

details).

In the simulation of undisturbed long-term forest development, Norway spruce, European 

beech and silver fir dominated the tree species composition after approximately 300 

simulation years (Supplementary Material 1). The emerging dominance of these species is 

in good correspondence with the expected potential natural vegetation of the region. A large 

share of pioneer species (e.g., Betula pendula, Alnus nigra) and light demanding species 

(L. decidua) in the early stage of the simulation underline the models’ ability to simulate 

realistic trajectories of forest succession from early to late-seral species.

3.2 Recovery of total ecosystem carbon

3.2.1 Carbon payback time and sequestration parity—The model simulated a 

substantial decrease in Ctotal from regular harvests in the pre-disturbance period and from 

salvaging during the disturbance episode (Fig. 3). Under reference climate, the total removed 

C in the period 1996–2016 was 35 t ha−1 (regular harvest) and 53 t ha−1 (salvage cutting). 

The minimum level of Ctotal (339 t ha−1) was reached in 2017. During the disturbance 

episode (2008–2016), Ctotal decreased by 15% relative to the reference year 2007 (399 t 

ha−1), representing an average landscape-level C loss of 61 t ha−1.

Under reference climate, C payback was reached after 17 years (in 2033), when the Ctotal of 

the disturbed simulations exceeded the pre-disturbance value (2007). In 2046 also C parity 

was reached, i.e. the Ctotal of the disturbed simulations reached the level of the simulations 

without disturbance after 30 years. Climate change modified the simulated trajectories of 

Ctotal mainly in the second half of the century. Therefore, the multi-model means of payback 

and parity did not show any significant departure from values obtained under reference 

climate.

Disregarding the CO2 fertilization effect by keeping CO2 levels constant at the reference 

level delayed C payback times by 2 and 4 years under RCP4.5 and RCP8.5 scenarios, 

respectively (PB2, Fig. 3). With the exception of one run under RCP8.5, all simulations 

reached C payback within the 21st century also without CO2 fertilization. In contrast, C 

parity was generally not obtained until 2100 under RCP8.5 if the atmospheric CO2 level was 

kept constant at the reference level. This indicates that a strong CO2 fertilization effect is a 

crucial driver of the simulated future C recovery.
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3.2.2 The effects of climate and CO2 fertilization on carbon recovery—Given 

the prominent role of CO2 fertilization in the simulated recovery of Ctotal (Fig. 3), we further 

investigated the effects of changing climate and elevated CO2. Elevated CO2 concentration 

caused Ctotal to increase under both RCPs. The increase was more pronounced under 

RCP8.5 than under RCP4.5, with differences being roughly proportional to difference in 

CO2 concentrations (Fig. 4). The isolated effect of climate (i.e. without the effect of CO2 

fertilization) caused a substantial decrease in Ctotal. The combined effect of changing climate 

and elevated CO2 caused Ctotal to oscillate around the reference development until 2060, 

with a distinct period of negative values between 2000 and 2020. After 2060 the positive 

effect of elevated CO2 compensated the negative effects of changing climate and Ctotal 

started to increase. The increase persisted until the end of simulation period. Complementary 

information on the response of C fluxes to elevated CO2 can be found in Supplementary 

Material 3.

To more explicitly investigate the effect of climate change we analysed C recovery over the 

climate signal contained in the studied climate scenarios. The change in growing season 

air temperature and growing season precipitation represented by the 14 climate scenarios 

studied ranged between 1.2–3.0 °C and -60 – 60 mm, respectively (period 2031–2060 

relative to reference climate 1971–2000; see Table 1 and Appendix A). The amount of years 

needed to reach recovery consistently increased with decreasing precipitation. For C parity, 

the increase was +3.6 years in response to a 10% reduction in precipitation (p = 0.13; Fig. 

5). A similar response to precipitation change was found for C payback time (p = 0.22). 

A warmer climate also extended the payback time by ca. 1 year in response to a 1 °C 

temperature increase (p = 0.21). We thus find indications that C recovery was slowed under 

drier and warmer climatic conditions.

3.3 Carbon dynamics

3.3.1 Immediate disturbance impact—The disturbance affected 39% of the forest 

area in the landscape, causing a reduction in forest leaf area by 27% during 2008. As a 

consequence, GPP was strongly reduced (Appendix C) for a period of roughly 6 years after 

the event, with Ra following a similar pattern (Fig. 6).

Simulated C stored in live tree C compartments (stems, branches, foliage, coarse and fine 

roots) strongly decreased as a result of the main disturbance impact in 2008 (Appendix B). 

In 2008, also a large portion of C was removed by salvage cutting, while C removal by 

regular harvests ceased due to the disturbance (Fig. 3). At the same time, dead trees that 

were not salvaged and C in compartments not affected by salvage operations (i.e., 40% of 

stem C, and 100% of branch and foliage C of the trees killed in the disturbance episode) 

created a substantial influx into the litter, downed and standing woody debris pools on the 

landscape (Appendix B).

Decomposition caused a short-term increase in Rh, which exceeded the level of undisturbed 

development by up to 2.3 tC ha−1 year−1. The difference between disturbed and undisturbed 

Rh was highest in the year following the main disturbance impact (2009), what was related 

mainly to fast decomposition of leaves and branches. Slower decomposition of larger 
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diameter woody residues caused Rh to remain elevated until 2016. In subsequent years 

Rh oscillated around the level of the undisturbed forest.

Together, the developments of GPP and respiration reduced NEP significantly during the 

disturbance episode, and the landscape turned to a net C source for seven years. In these 

years the total amount of C release was 118 103 tC, which corresponds to 3.5 years of C 

uptake of the undisturbed landscape. The cumulative difference between the undisturbed 

and disturbed NEP trajectories during 2008–2018 was 53 tC ha−1 (592 103 tC at the 

landscape level; Fig. 7; red and pink polygons), corresponding to approximately 17 years 

of undisturbed C uptake. In terms of NECB, the maximum net C loss was an order of 

magnitude larger than NEP (ca -2 vs. -15 tC ha−1 year−1). The cumulative difference 

between undisturbed and disturbed NECB was 83 tC ha−1 (935 tC on landscape level) for 

the 10-year period 2008–2018.

3.3.2 Long-term disturbance impact—Development in the post-disturbance period 

was characterized by substantially elevated GPP relative to undisturbed development, which 

persisted for 35 years (2019–2055) under reference climate. At the same time, Rh did 

not significantly differ from the undisturbed development. Consequently, the differential 

developments of GPP and respiration generated a legacy sink effect after 2018, which 

contributed significantly to the recovery of Ctotal from the disturbance event. Under 

reference climate, the cumulative C gain from this legacy sink was 55 tC ha−1 for NEP 

and 98 tC ha−1 for NECB (617 103 tC and 1010 103 tC at the landscape scale, respectively) 

(Fig. 7; green polygons).

Climate change amplified GPP already in the first decades after the disturbance episode, the 

effect was, however, most pronounced after 2050. The main drivers of GPP increase were 

elevated air temperature and CO2 concentration (Supplementary Material 3). At the same 

time, climate change also increased Rh in the post-disturbance period (Fig. 6) relative to 

reference climate. The mean difference during period 2050–2100 was +1.6 tC year−1 and 

+2.6 tC year−1 under RCP4.5 and RCP8.5, respectively. The increase was mainly driven by 

increased input due to elevated GPP, but also higher temperatures contributed to an increased 

level of Rh (Supplementary Material 3).

Together these processes led to an amplified legacy sink effect under climate change. In 

particular, the amount of C accumulated in the period with legacy sink (Fig. 7; green 

polygons) increased by 5 and 7 tC ha−1 under RCP4.5 and RCP8.5 scenarios, respectively. 

In contrast, climate change had no significant effect on the legacy sink effect in terms on 

NECB.

Overall, the coupled effect of disturbance and climate change on NEP and NECB persisted 

until 2050; 34 years after the end of disturbance episode no difference between disturbed 

and undisturbed simulations could be detected (Fig. 7). However, the underlying fluxes 

(GPP, Ra and Rh) showed significant departure from the undisturbed development also in the 

second half of the 21st century (Fig. 5).
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4 Discussion

Previous research has indicated that disturbances can alter trajectories of forest C in 

diverse ways (Bradford et al., 2012; Liu et al., 2011b) and that it might take decades to 

recover disturbance-related C losses. Consistent with empirical research, our simulation 

study showed that a severe disturbance might turn a forest landscape into a net C 

source, and that it takes several decades to compensate the C loss from disturbance. We 

identified CO2 fertilization as a prominent driver facilitating recovery in a temperate forest 

landscape. Drier and warmer climate, on the other hand, could slow down the recovery 

processes under climate change. We also corroborated the presence of an enhanced C sink 

following disturbance. This legacy sink effect has not yet been sufficiently recognized in 

considerations of the C impact of disturbances in Europe’s forests (Seidl et al., 2014b). Our 

finding that such a legacy sink effect can persist for decades (Foster et al., 1998) highlights 

the importance of considering post-disturbance forest development in deliberations of the 

climate regulation function of forests.

4.1 Model evaluation

Process-based ecosystem models are required to assess the potential impacts of events 

such as disturbances in a no-analogue future (Gustafson, 2013). Such models are usually 

not calibrated with local data but are based on first principles of ecology. Consequently, 

testing these models against local data is important to ensure that the eco-system dynamics 

of the studied system is adequately captured in the model (González-García et al., 2016; 

Minunno et al., 2010; Seidl et al., 2012b). To that end we here performed a number of model 

evaluation exercises prior to model application, following the pattern-oriented modelling 

approach suggested by Grimm et al. (2005).

Productivity tests showed substantial differences between tree species, and also between 

the two reference datasets used for testing. Simulated SI matched observations better for 

FMP data compared to NFI data. A reason for this deviation could be the different spatial 

grain of the two reference data sets: NFI data represent single inventory plots, and thus 

contain the full variability regarding micro-site conditions and individual tree development. 

FMP data, on the other hand, represent stand level estimates, derived by averaging several 

sample plots taken within each stand (i.e., three plots with an area of 0.045 ha per ha of 

forest stand for the FMP data used here). Stand-level differences within the landscape are 

thus better captured by FMP data, while NFI data are better at describing the large-scale 

variation within the ecosystem. As the driver data used to run the model mainly represented 

differences at the stand level while largely neglecting fine-scale environmental heterogeneity 

(e.g. soil data were derived from several soil samples, and subsequently averaged over a 

forest stand), a better correspondence of model simulations with FMP data is consistent with 

expectations. More broadly, our finding highlights the importance of considering appropriate 

datasets for model testing, a field that warrants further research (e.g., Mina et al., 2016; van 

Oijen et al., 2013; Zhu and Zhuang, 2013).

Overall, iLand was well able to represent typical forest dynamics in the forests of 

the Western Carpathians. The achieved correspondence between observed and simulated 

productivity (species-averaged R-squared of 0.67 relative to FMP data, and considerably 
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higher values for important species such as beech with an R-squared 0.89, and fir with 0.74) 

was well within the range of previous model applications. For example, Seidl et al. (2012a) 

reported a species-averaged R-squared between observed and simulated SI of 0.63 for the 

Cascade Mts. (Oregon, USA) and 0.83 for the Eastern Alps (Austria). Similar results for the 

Eastern Alps were reported by Thom et al. (2017a). This satisfactorily performance of the 

model in the current study region is important as the present study is the first application 

of the model in the Carpathian Mountains. Based on the tests conducted here we conclude 

that iLand is generally applicable to study forest dynamics also in Central-Eastern European 

forest ecosystems. A good correspondence of the simulated C balance with theoretical 

expectations and results of empirical studies also supports this conclusion.

4.2 Post-disturbance recovery of forest carbon

We showed that the effect of a single high-severity disturbance event on the forest C can 

persist several decades. Our simulated multi-decadal recovery times are in agreement with 

previous modelling studies (Wang et al., 2014; Yue et al., 2016) as well as with empirical 

research (Bače et al., 2017; Janda et al., 2017) from different forest types and environmental 

conditions. While recovery of the pre-disturbance C (payback time) was reached 17 years 

after the end of disturbance episode, C parity was achieved only after 30 years. Similarly, 

Aguilos et al. (2014) reported that mixed forest replaced by a larch plantation required 8 to 

34 years to fully recover the CO2 that was emitted after the clearing. In contrast, a review by 

Fu et al. (2017) indicated that forest recovery times largely varied between disturbance types 

and C cycle indicators considered, with the longest recovery times of total biomass (104 ± 

33 years) and the shortest of C fluxes (23 ± 5 years). Our recovery time estimates for Ctotal 

were substantially shorter, which can be explained by the fact that only 39% of the forest 

area was disturbed, and the disturbed sites were rapidly replanted with fast-growing Norway 

spruce in our study area.

Simulations under climate change showed diverging effects of climatic drivers and 

atmospheric CO2 on the recovery of the forest C, particularly for C parity. While climate 

change delayed the achievement of C parity, increasing CO2 concentration compensated this 

delay. In contrast, simulations disregarding CO2 fertilization effect resulted in parity times 

that exceeded our simulation period. This finding of a prominent role of atmospheric CO2 

in forest C uptake is in agreement with the works of Solberg et al. (2009) and Bellassen 

and Luyssaert (2014), who suggest that elevated atmospheric CO2 concentrations is – in 

addition to increased nitrogen deposition – the main driver of the current global forest C 

sink. Also Yue et al. (2016) reported an amelioration of the forest fire legacy C sink by 

climate warming and CO2 fertilization for the boreal biome. However, limited experimental 

knowledge of the long-term responses of plants to CO2 enrichment makes simulation studies 

heavily dependent on assumptions regarding the persistence of CO2 fertilization (Buckley, 

2008; Reyer et al., 2014). Here we used a Michaelis-Menten formulation to approximate 

CO2 response (Friedlingstein et al., 1995), which considers the effect of atmospheric CO2 on 

productivity, and accounts for amplified effects under water limitation and downregulation 

when nitrogen is limiting. However, we assumed the base CO2 response β0 to be constant 

over time, neglecting potential adaptations of tree ontogeny or leaf physiology. Such an 

approach is tentatively supported by the analysis of Friedlingstein et al. (1999), finding very 
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little allocation changes in response to CO2 changes in temperate forests. On the other hand, 

some empirical studies suggest that acclimation of photosynthetic and respiratory processes 

to elevated CO2 might be important, mainly when long-term effects are considered (Buckley, 

2008; Hanson et al., 2005; Medlyn et al., 2001; Smith and Dukes, 2012). In summary, the 

strong response of C recovery to elevated CO2 and the remaining uncertainties regarding this 

process (Hyvönen et al., 2007; Lindner et al., 2014) warrant further research.

We found longer recovery times of Ctotal under drier and warmer conditions. The fact that 

our results in this regard were not statistically significant should not detract from the general 

signal in the data, as statistical significance is not a strong means of inference in simulated 

data (see e.g. White et al., 2014). Furthermore, we here studied the recovery from a recent 

disturbance event, for which the climate signal was only moderate, ranging from +1° to + 3 

°C and from -60 to + 60 mm. However, disturbances are expected to increase throughout the 

21st century in Central Europe (Thom et al., 2017b), and the climatic conditions for recovery 

from a similar event as the one investigated here would be drastically different in the future. 

For the end of the 21st century, ten out of the 14 climate projections used here indicates a 

decrease in precipitation (Appendix A), which could substantially hamper the capacity of 

forests to recover from disturbances (Hansen et al., 2018). This is in line with studies that 

indicate a possible global reduction in the efficiency of the terrestrial C sink due to drought 

(Anderegg et al., 2015; Zeng et al., 2005; Zhao and Running, 2010).

4.3 Forest C dynamics

The simulated trajectory of NEP under disturbance agreed well with theoretical expectation 

(e.g. Chapin et al., 2006, 2002; Goulden et al., 2010), suggesting that forest ecosystems 

become a C source immediately after stand-replacing disturbances due to reduced C uptake 

of the post-disturbance forest (Peters et al., 2013) and increased C losses from respiration 

(Mayer et al., 2017). The study landscape was a C source for seven years with NEP and 

eleven years with NECB under reference climate. This is in line with, for example, values 

reported by Wang et al. (2014) (negative NEP for 6–17 years and stabilized C sink after 

60 years) for the deciduous broadleaved and evergreen coniferous forests in Michigan and 

Wisconsin (USA). Similarly, Amiro et al. (2010) reported that the C sink of disturbed forest 

ecosystems in North America had recovered 10 years after a disturbance. Goulden et al. 

(2010) found that the transition of the post-fire boreal forest from a C source to a C sink 

occurred within 11–12 years. Our results fall well within the range of values reported in 

the literature, suggesting the utility of our simulation approach for quantifying C parity and 

payback time.

The simulated decrease in NEP in our study could be attributed to substantially decreased 

GPP and relatively minor increases in Rh, which is in agreement with the findings of, for 

example, Lindroth et al. (2009) and Peters et al. (2013). Similarly, Goulden et al. (2010) 

suggest that the loss of detritus proceeds more rapidly than the new accumulation of live 

biomass after disturbance, resulting in an initial loss of total carbon (i.e. negative NEP). 

However, multiple switches between periods of C uptake and release after a disturbance, as 

recently reported by Amiro et al. (2006) and Goulden et al. (2010), could not be observed in 

our results.
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Our finding of a legacy sink effect is consistent with empirical studies from diverse 

environments (e.g. Williams et al., 2013; Yue et al., 2016), and is one of the first reports 

for such an effect for temperate forest landscapes. From the perspective of C dynamics, the 

effect emerged from C gains from increased GPP outweighing C losses from respiration. 

From the perspective of vegetation dynamics the increased GPP leading to the legacy sink 

emerged from several interacting processes, among which the vigorous regrowth of a young 

cohort of trees (around the age of optimal growth performance) was the most prominent one 

(Chapin et al., 2002; Goulden et al., 2010). However, a change in species composition after 

disturbance (i.e. towards early-seral species) did not simultaneously occur, because extensive 

planting of lateseral target tree species controlled natural successional dynamics in our study 

system (Appendix C). Increased nutrient input from decomposing post-disturbance residues 

is another mechanism that can result in a legacy sink effect (Fernández-Martínez et al., 

2014), but was not explicitly considered here.

4.4 Methodological considerations

We adopted an approach for quantifying C recovery that considers both static and dynamic 

reference values. Such approaches have been previously used mainly in estimating the 

impacts of bioenergy systems, including changes in land-use, C storage in wood products, 

or fossil fuel displacement effect (Fargione et al., 2008; Gibbs et al., 2008; Lamers and 

Junginger, 2013). We here followed this approach for an assessment of forest ecosystem 

C, and highlighted its utility also for assessing disturbance impact in forest landscapes. 

Assessments of C recovery after disturbance fundamentally depend on the reference 

condition for recovery that is being used. This is underlined by our finding of considerable 

differences in recovery times between static (C payback time) and dynamic (C parity) 

baselines, which were 17 and 32 years respectively. Differences of similar magnitude were 

reported also in other studies, although differences in the representation of vegetation and 

the definition of a dynamic reference condition decisively affect outcomes (Lamers and 

Junginger, 2013). Considering the pre-disturbance C as reference condition is a frequently 

used approach in the assessment of recovery and resilience (Aguilos et al., 2014; Lindroth 

et al., 2009; Lloret et al., 2011; Seidl et al., 2017b), and is also used in the assessment 

of the impacts of changes in land use and land management (e.g. Gibbs et al., 2008). 

There are clear advantages to this approach, as a pre-disturbance state can often be 

derived from observational data, and a comparison between pre- and post-disturbance states 

can be easily communicated. Such an approach might be, however, too simplistic, as it 

neglects the dynamic changes in the ecosystem that would have occurred in the absence of 

disturbance. Specifically, a static baseline neglects the additional C uptake of an undisturbed 

forest, leading to an underestimation of disturbance impacts and recovery times. Dynamic 

baselines are thus recommended. They do, however, require the careful definition of 

business-as-usual management for the derivation of dynamic reference conditions (Lamers 

and Junginger, 2013). Such dynamic baselines can be obtained from simulation models, 

as was demonstrated here using the model iLand. Similarly, Lamers et al. (2014) used the 

Carbon Budget Model of the Canadian Forest Sector, and Jonker et al. (2014) used the 

model GORCAM. In empirical studies the approach to consider a dynamic reference is via 

undisturbed control plots or a BACI (before-after-control-impact) study design (Conner et 

al., 2016).
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Some factors potentially affecting post-disturbance recovery were not considered in the 

current study. Adapted management measures can, for instance, substantially modify 

recovery times via planting and tree species selection. We, however, considered a 

continuation of the currently applied management in the region under all simulated 

scenarios. Selecting tree species with different climate sensitivity might also significantly 

alter patterns of C uptake in the 21st century post disturbance. Efforts to convert drought-

prone spruce forests have intensified in Europe in recent decades (Hlásny et al., 2017; 

Spiecker et al., 2004), and promoting tree species such as European beech and Douglas-fir 

(Pseudotsuga menziesii) (Albrecht et al., 2013; Thomas et al., 2015) might reduce the 

climate sensitivity of the forest C cycle (Seidl et al., 2018; Thom et al., 2017b). Also, 

alterations of salvaging intensity can have strong effects on total ecosystem C and the rate 

of heterotrophic respiration (Bradford et al., 2012). However, salvaging might also mitigate 

bark beetle outbreaks (Stadelmann et al., 2013), and thus affect the overall forest C balance 

positively. The net effect of salvage logging on forest C thus remains unclear.

Finally, it is important to note that we assumed disturbance-free forest development after 

the focal disturbance period studied here. This allowed us to isolate the recovery from 

the focal disturbance episode from other transient changes in the ecosystem. However, our 

analysis consequently neglects compounding effect of potential subsequent disturbances. 

The fact that interactions between disturbances have the potential to result in non-additive 

outcomes (Buma, 2015; Seidl and Rammer, 2017) suggests that additional disturbances 

could substantially alter recovery trajectories. Given that disturbance return intervals in 

Central European forests are usually greater than 100 years (Janda et al., 2017; Thom et 

al., 2013), our approach to neglect the effect of subsequent disturbances is a reasonable first 

approximation. The plausibility of the presented recovery times and their agreement with 

empirical studies further underlines the utility of our approach. However, if disturbances 

substantially increase in the future, as expected by a number of studies (Seidl et al., 2017a, 

2014b), it will become increasing important to study the effects of compound disturbances 

on forest recovery (Buma, 2015; Johnstone et al., 2016; Seidl and Rammer, 2017).

5 Conclusions

We here focus on a managed Norway spruce forest ecosystem, which is a widely distributed 

forest type in the temperate biome of Europe. Despite the ecological and societal importance 

of these forests, research to date has largely focused on productivity, while other processes, 

such as recovery after disturbance, remain understudied. Our simulation study contributes 

to an improved understanding of disturbance effects on C cycling in these forests, and 

highlights that high severity disturbances constitute an extensive perturbation of their C 

cycle. Moreover, we identified and quantified a legacy sink effect after disturbance in our 

study system. This suggests that both positive and negative C cycle impacts of disturbances 

have to be considered in order to comprehensively assess their effect on the climate 

regulating function of forests. The climate sensitivity of the identified legacy sink as well 

as the prominent role of CO2 fertilization in recovery highlight the importance of applying 

process-based simulation approaches for estimating the future of the forest C cycle.
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Fig. 1. 
Map of the study region and its location in Central Europe. Forest area, share of Norway 

spruce and elevation are indicated (a). Time series of classified Landsat satellite imagery 

indicating the progression and extent of forest disturbance in the period 1990–2016 (b). 

Development of forest age structure derived from forest management plans during the 

disturbance episode (c).
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Fig. 2. 
Scheme for the assessment of C recovery after disturbance. Red line – simulated disturbed 

development; black line – simulated undisturbed development; blue rectangle – disturbance 

episode; yellow arrow – time from the end of disturbance episode to the year when the pre-

disturbance Ctotal is recovered (payback); green arrow – time from the end of disturbance 

event to the year when the undisturbed development is reached (parity); A – pre-disturbance 

Ctotal; B – year of C payback time; C – year of C parity (For interpretation of the references 

to colour in this figure legend, the reader is referred to the web version of this article.).
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Fig. 3. 
Simulated total ecosystem carbon (Ctotal) and its post-disturbance recovery. The disturbed 

forest development is simulated under three different climate conditions, as well as with and 

without the fertilizing effect of CO2. The reference undisturbed development was generated 

under reference climate corresponding to the period 1961-1990. Simulations under climate 

change are driven by seven climate models for each RCP scenario; solid lines indicate 

the average projection and shaded envelopes indicate the minimum–maximum range of 

the simulations. Grey rectangles indicate the inter-model range of payback time (PB1 with 

elevated CO2; PB2 without elevated CO2) and the C parity (P). Columns at the bottom 

indicate the annual C amount removed from the landscape by harvests and salvage cutting, 

and the annual C in dead trees. In case of RCP scenarios, columns show multi-model 

means under elevated CO2 level. The blue vertical rectangle indicates the wind-bark beetle 

disturbance episode investigated here (For interpretation of the references to colour in this 

figure legend, the reader is referred to the web version of this article.).
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Fig. 4. 
Isolated and coupled effects of changing climate and elevated CO2 concentrations on the 

disturbed development of the total ecosystem carbon (Ctotal). Each line shows difference 

between two simulations, based on the equations indicated in the figure.
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Fig. 5. 
Response of C cycle recovery indicators to projected changes in air temperature and 

precipitation during the growing season (IV-IX), derived from seven climate models driven 

by two RCP scenarios (see also Appendix A).
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Fig. 6. 
Main horizontal and vertical carbon fluxes during the simulation period. Blue rectangle 

indicates the disturbance episode 2008–2016. The lines show the difference of disturbed 

trajectories to undisturbed forest development under three climates. In the panels for RCP 

scenarios, the difference is calculated as (disturbed development under climate change) – 

(undisturbed development under reference climate); thus the graphs present the combined 

effect of disturbance and climate change (For interpretation of the references to colour in 

this figure legend, the reader is referred to the web version of this article.).
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Fig. 7. 
Disturbed and undisturbed development of Net Ecosystem Production (NEP, first row) and 

Net Ecosystem Carbon Balance (NECB, second row). The undisturbed development is 

simulated under reference climate in all cases. Future climate projections under the RCP4.5 

and 8.5 scenarios are based on seven GCM-RCM combinations; solid lines indicate the 

multi-model means and envelopes indicate the minimum–maximum range of the seven 

projections. The pink and red areas indicate the reduced uptake and net C release due to the 

disturbance, respectively. The green area indicates the increased C uptake after disturbance 

(legacy sink effect) (For interpretation of the references to colour in this figure legend, the 

reader is referred to the web version of this article.).

Dobor et al. Page 32

Agric For Meteorol. Author manuscript; available in PMC 2022 May 26.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts

Dobor et al. Page 33

Table 1

Reference climate and projected changes in major climate variables driving forest development. The values 

indicate spatial averages across the landscape for 30-year time periods. Temperatures are the annual averages 

of daily minimum and maximum values. In case of climate model predictions, means and standard deviations 

are calculated based on seven GCM-RCM combinations (see also Appendix A).

Observed
a

Model past
b

RCP4.5
b

RCP8.5
b

1971–2000 1971–2000 2021–2050 2071–2100 2021–2050 2071–2100

Minimum temperature [°C] 0.2 0.2 ± 0.03 1.7 ± 0.4 2.8 ± 0.6 1.9 ± 0.4 4.9 ± 0.7

Maximum temperature [°C] 9.7 9.9 ± 0.04 11.3 ± 0.4 12.5 ± 0.6 11.5 ± 0.5 14.7 ± 0.8

Growing season precipitation [mm] 598 576 ± 16 580 ± 19 592 ± 67 608 ± 20 577 ± 72

Vapour pressure deficit [kPa] 0.32 0.32 ± 0.00 0.35 ± 0.01 0.38 ± 0.02 0.35 ± 0.01 0.45 ± 0.04

a
data from weather station recalculated over the study area by MTClim.

b
climate model results recalculated to the position of weather station and then over the study landscape by MTClim.
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Table 2
Evaluation of simulated productivity against data from Forest Management Plans and 
National Forest Inventory.

Reference data: Forest Management Plans

Tree 
species / 
Statistics

N Share 

(%)
a

R-
square Mean SI

b 

[observed]

Mean SI 
[simulated]

Bias StDev of 
SI 
[observed]

StDev of 
SI 
[simulated]

Difference 
of StDevs 5–95 %

c 

of SI 
[observed]

5–95 %
c 

of SI 
[simulated]

Picea 
abies

130 100 0.52 28.52 29.83 1.31 3.24 1.92 –1.32 22.9–34.0 26.4–32.6

Fagus 
sylvatica

80 45–
100

0.89 24.98 24.76 –
0.22

3.64 2.31 –1.33 18.0–30.0 21.2–28.1

Abies 
alba

116 41–
100

0.74 24.28 25.12 0.84 2.92 2.00 –0.92 20.0-28.0 22.0–28.4

Pinus 
sylvestris

109 74–
100

0.31 20.88 19.41 –
1.47

3.37 1.68 –1.70 16.0–28.0 16.8–22.5

Larix 
decidua

96 67–
100

0.87 24.73 22.65 –
2.08

4.00 2.00 –2.00 20.0–30.0 20.2–25.9

Average
d – – 0.67 24.68 24.35 –

0.32
3.43 1.98 –1.45 – –

Weighted 
averagee

– – 0.55 27.24 27.91 0.67 3.33 1.92 – 1.41 – –

Reference data: National Forest Inventory

Picea 
abies

30 48–
100

27.6 33.21 5.61 5.67 2.73 –2.94 22–40 27.8–36.4

Fagus 
sylvatica

8 13–
37

0.71 25.25 21.75 –3.5 6.5 4 –2.5 18.7–35.3 16.3–26.4

Abies 
alba

4 9–16 0.94 25.5 17.98 –
7.51

7.55 5.27 –2.28 18.9–34.2 13–24

Pinus 
sylvestris

4 17–
25

0.07 22 18.74 –
3.26

2.83 1.61 –1.22 18.6–24 16.8–19.9

Larix 
decidua

No 
data

Average
d – – 0.47 25.88 22.92 –

2.17
5.64 3.40 –2.24 – –

Weighted 
average>e

– – 0.19 26.71 30.98 4.07 5.46 2.73 –2.73 – –

a
Share of the species in a stand (%).

b
SI – Site Index, i.e. mean stand height at age 100 in meters.

c
5th and 95th percentiles.

d
Arithmetic mean over all species.

Agric For Meteorol. Author manuscript; available in PMC 2022 May 26.


	Abstract
	Introduction
	Methods and materials
	Simulation model
	Study region
	Stand and environmental data
	Model evaluation
	Study design and recovery indicators

	Results
	Model evaluation
	Recovery of total ecosystem carbon
	Carbon payback time and sequestration parity
	The effects of climate and CO2 fertilization on carbon recovery

	Carbon dynamics
	Immediate disturbance impact
	Long-term disturbance impact


	Discussion
	Model evaluation
	Post-disturbance recovery of forest carbon
	Forest C dynamics
	Methodological considerations

	Conclusions
	References
	Fig. 1
	Fig. 2
	Fig. 3
	Fig. 4
	Fig. 5
	Fig. 6
	Fig. 7
	Table 1
	Table 2

