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Abstract Biomass and species composition of a forest

district in the North-Eastern Carpathian Mountains were

simulated until 2100 using the forest landscape model

LandClim, driven by climate data from three general cir-

culation models that projected the local climate change

under the A1B emission scenario. Four different manage-

ment scenarios were used: business as usual and three

adaptive management scenarios characterized by an

intensification of interventions: more intense thinnings and

shorter rotations. The total biomass at the end of the sim-

ulation differed greatly according to the climate scenario

but was comparatively much less influenced by the man-

agement scenarios. Forest biomass was projected to

increase markedly under the model which forecast the

lowest climate change (CCSM3), remained approximately

constant in the intermediate climate model (ECHAM5) but

decreased severely in the hypothesis of the largest climate

changes (HadCM3). Our results showed that developments

in species composition differed much more between cli-

mate change scenarios than between management scenar-

ios. Under moderate and intermediate climate scenarios,

changes in species composition occurred principally in

harvested stands, while stands not harvested did not display

species replacements. Under extreme climate change

(HadCM3) on the other hand, the species change occurred

even before harvest. The model projections highlight the

inadequacy of some species for the new growing and

regeneration conditions that accompany the extreme cli-

mate scenario. Harvesting can be seen as a chance to

undergo active adaptation with respect to species

composition.

Keywords Adaptive forest management � Landscape
model � Scenario analysis � Forest biomass � Forest
planning

Introduction

Sustainable forest management is facing unprecedented

challenges due to the increasing pressure from environ-

mental changes and shifts in the nature and range of eco-

system services that society expects from forests (Pretzsch

et al. 2008). In former socialist East European countries

(EEC), many forest regions experienced large-scale chan-

ges during the last 70 years. These changes included severe

cuttings during or after the Second World War, the

nationalization of forests, widespread planting of conifers,

and re-privatization after the 1990s. In Romania, extensive

timber extraction to repay war debts was followed by the

promotion of coniferous plantation. This history strongly

Electronic supplementary material The online version of this
article (doi:10.1007/s10113-014-0717-6) contains supplementary
material, which is available to authorized users.

L. Bouriaud (&) � O. Bouriaud � G. Duduman � I. Barnoaiea �
L. Nichiforel

University Stefan cel Mare of Suceava, str. Universitatii nr. 13,

720229 Suceava, Romania

e-mail: bouriaud@usv.ro; bouriaud@gmail.com

C. Elkin � C. Temperli � N. Zimmermann � H. Bugmann

Department of Environmental Systems Science, ETH Zurich,

Universitätstrasse 16, 8092 Zurich, Switzerland

C. Temperli

Department of Geography, University of Colorado, Guggenheim

Geography, Campus Box 260, Boulder, CO 80309-0260, USA

C. Reyer

Potsdam Institute for Climate Impact Research, RD II: Climate

Impacts and Vulnerabilities, Telegrafenberg, P.O. Box 601203,

14412 Potsdam, Germany

123

Reg Environ Change (2015) 15:1557–1568

DOI 10.1007/s10113-014-0717-6

http://dx.doi.org/10.1007/s10113-014-0717-6
http://crossmark.crossref.org/dialog/?doi=10.1007/s10113-014-0717-6&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10113-014-0717-6&amp;domain=pdf


influences the current species composition and age struc-

ture of forests (Schulze et al. 2014). A large amount of

Eastern European forests will reach harvestable age in the

next 50 years as a result of the post-war conifer plantations

and the cessation of coppice management. The conifer

plantations of the 1970s and 1980s not only contribute to

the unbalanced age structure, but also influence the

capacity to convert forests to more climate change-adapted

species (Spiecker et al. 2004).

Climate change may strongly influence species compo-

sition at large scales (Thuiller et al. 2008, 2011; Hanewinkel

et al. 2012; Hickler et al. 2012). At the landscape scale, the

topography, the site-specific growth conditions, and the

spatial distribution of forest stands that has resulted from

past forest management will also influence how forests

respond to climate change (Farrell et al. 2000; Temperli

et al. 2012). There are not many examples of landscape-

level modelling of forest succession under climate change

in Europe, partly because it requires a detailed description

of the current forest state, the climate, and spatially explicit

management regimes. In mountain forests, modelling is

even more challenging since large ecological gradients

encompassed by small areas need to be accounted for

(Schumacher et al. 2004). LandClim (Schumacher et al.

2004; Schumacher and Bugmann 2006) is a process-based

forest model that takes into account competition-driven

stand dynamics and climate sensitive processes such as

species-specific recruitment, growth, and mortality. The

model is spatially explicit and allows for interactions

between climate change and forest management to be

examined at a landscape scale (Temperli et al. 2012; Elkin

et al. 2013). Regeneration, growth, mortality, and compe-

tition between age cohorts of multiple tree species are

simulated in response to temperature and drought (a func-

tion of temperature, precipitation, and available soil water

capacity) by means of a simplified gap model at the level of

individual cells at a yearly time step (Bugmann 2001).

This study hypothesizes that, in managed forests,

regeneration cuts provide the opportunity to significantly

influence species composition and promote better adapted

and more resilient future stands. However, an unbalanced

age-class structure at the level of the management unit may

present particular challenges with respect to the imple-

mentation of forest management adaptation strategies

designed to promote species that are more climate appro-

priate. The objectives of the paper are:

• To identify the projected impacts of climate change on

forest biomass production and species diversity in the

Frasin forest district in the Romanian Eastern Carpa-

thian Mountains. This forest district is typical of

Eastern European forests where the management his-

tory has led to disequilibrium in stand age classes.

• To test adaptive management options that are consistent

with the regional forest management context and to

evaluate them within the framework of the current

forest age distribution.

• To evaluate the impact of adaptive management

strategies across a range of climate change scenarios.

We used the dynamic forest landscape model LandClim

to address the three objectives above and simulate forest

development dynamics in the mountainous forest district of

Frasin in the Eastern Carpathians of Romania. We initial-

ized the model using detailed stand data from the Frasin

forest district, thereby allowing us to explicitly evaluate the

impact of the current forest composition and age distribu-

tion on future forest development.

The Frasin case study area was selected to represent the

diversity of forest management patterns resulting from past

management that challenges most EECs. On one hand,

Frasin case study forests are characterized by a disequi-

librium in stand age classes, e.g., the structure of age

classes differs from the target structure established with

respect to rotation (MAPPM 2000a). On the other hand,

Romanian current forest management policy is inherited

from the socialist period, being largely characterized by

command and control instruments which translate in

inflexible forest management planning, bureaucratic forest

administration, and strong ecological constraints on forest

management such as long rotation length, light interven-

tions during the stand life (low intensities of thinning),

species composition decided by law for each type of stands,

and general prohibition of clear-cuts (except for Norway

spruce forests). Forest managers and owners amply criti-

cize its rigidity and constraints with respect to management

options available within the current regulatory system

(Bouriaud and Nichiforel 2010; Bouriaud et al. 2013a),

which poses an additional obstacle to formulate and

implement adaptation strategies. Given these circum-

stances, we explored a range of adaptive management

scenarios that reflect current silvicultural trends using

LandClim’s harvest module.

Materials and methods

Frasin forest district and forest management

information

The case study landscape consists of a mountain forest

district covering 11,742.5 ha (Supp. Figure 1), located in

the Romanian Eastern Carpathian Mountains (458510N,
258770). The climate is temperate continental, with a mean

annual temperature of 6.7 �C and annual precipitation of

788 mm. The elevation ranges from 500 to 1,300 m above
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sea level, and slopes are moderately steep: between 10� and
20� and rarely exceeding 40� (\1 % of the area). Three

main soil types are encountered in the district: distric

cambisol (65 % of the area), luvisol (22 %), and eutric

cambisol (13 %). However, soil depth and skeleton fraction

vary substantially. Field observations provided information

on spatially explicit soil water holding capacity used as

input for LandClim simulations.

All stands were described in the management plans

previous to 1991. The privatization of forestland was

achieved during three successive waves between 1995 and

2010. As of 2013, privately owned stands represent one-

third of the total district area (2,534 out of 11,742.5 ha).

Most of them are distributed at the boundary of the State

forests, in productive, low-elevation sites located near the

villages.

The national forest administration (Romsilva) manages

all state forests in the case study area and, on a voluntary

basis, a large part of the forests belonging to municipalities,

communes, churches, and associations of individual private

forest owners. We used the official forest management plan

established in 2010 for the Frasin district. However, we did

not have access to privately owned forests information. To

obtain data to initialize LandClim simulations for these

stands, we used the data recorded from the previous forest

management plan of 1989. The stands were subsequently

aged by a 20-year run of the model. To complete the

information needed for model initialization, we have per-

formed a field inventory within the forest district during the

summers 2010 and 2011.

Current forest composition and structure

Even-aged spruce (Picea abies) stands dominate (50 %)

the Frasin district, followed by mixed uneven-aged stands

(35 %) where spruce, fir (Abies alba), and beech (Fagus

sylvatica) co-occur with a varying proportion, and in

admixture with broadleaves such as Acer pseudoplatanus

(Supp. Figure 2). Pure beech stands represent only 9 % of

the studied area (*1,040 ha in total), the remaining stands

being fir in admixture with beech (4.5 %) and pure fir

stands (1.5 %). Most stands are highly productive and are

managed for timber production in both public and private

forests.

Almost 10 % of the stands were classified as protective

forests for preserving the soil resource against landslide,

water erosion, and rock falls. Several reserves for seed

production were established for the preservation of the

genetic value of some Frasin mixed forest stands. A key

feature of the Frasin forests is the particular unbalanced age

structure of the stands. Currently, half of the stands are

more than 70 years old and a third of them older than

90 years. The excess of harvesting stands in the next

20 years cumulates 414.8 ha and, in the next 60 years (the

time frame for calculating sustained yields in Romanian

forest management planning), will increase to 1,470.2 ha,

meaning that the area to be harvested in this period is 90 %

bigger than the normal size of an age class.

This forest age structure was captured in the data used to

initialize our forest simulations. According to forest regu-

lations, the excess of over-mature stands requires forest

managers to progressively harvest stands within three or

four decades using the shelterwood system. By law, clear-

cut is allowed only in Norway spruce dominated stands,

and for a maximum of 3 ha at once.

Forest landscape model LandClim

The forest simulation model LandClim represents forest

landscapes as a grid of interconnected cells (100 9 100 m).

Within each cell, vegetation dynamics are simulated using a

simplified gap model framework (Bugmann and Cramer

1998; Bugmann 2001) with landscape-scale spatial pro-

cesses such as seed dispersal, forest management, and forest

disturbances linking cells (Schumacher et al. 2004).

Regeneration, growth, mortality, and competition between

age cohorts of multiple tree species are temperature and

drought sensitive and are simulated on a yearly time step

(Bugmann 2001). Within the model, drought is represented

as a function of temperature, precipitation, and available

soil water holding capacity. Age cohorts for each tree spe-

cies are simulated and provide information on the above

ground tree biomass, stem number, diameter at breast

height, and height for each cohort. As a result, the distri-

bution of tree size and age within individual cells, and by

extension forest stands, is an emergent property of the

model. Landscape-scale processes such as user defined

forest management and seed dispersal are spatially explicit

and are updated every decade (Temperli et al. 2012). While

simulated forest development is essentially driven by spa-

tially explicit input of climate, soil properties, topography,

and forest management rules, the model includes stochastic

elements that account for random processes affecting the

simulated mortality of individual trees. LandClim has been

tested and applied across Europe from Mediterranean to

subalpine forest types and has been found to accurately

represent forest dynamics over large environmental gradi-

ents (Colombaroli et al. 2010; Henne et al. 2013; Schum-

acher and Bugmann 2006; Temperli et al. 2012). Hence,

LandClim is ideally suited to assess forest dynamics in

response to changing climate and forest management in

landscapes that are characterized by small-scale variation in

topography and management history such as the Frasin

forest district.

In this study, the model was applied without changing

any of the internal parameters that define the base
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processes and plant traits: among others, the shade toler-

ance, temperature requirements, and the maximum relative

annual biomass growth, the parameters of the phenome-

nological growth models (see, e.g., Schumacher et al. 2004;

Elkin et al. 2013).

Model initialization and simulation setup

Given the sensitivity of dynamic forest models to initial

conditions and the potential negative consequences of

stand characteristics being incorrectly specified (Temperli

et al. 2013a), we have paid special attention to accurately

capture the current stand structure, the species composi-

tion, and the diameter distribution. Stem diameter histo-

grams for each stand type and age class were obtained from

direct inventory in the field. The inventory also recorded

the species-specific diameter range and diameter distribu-

tion of co-occurring species (e.g., spruce and fir, or beech

and spruce). The results indicated that there is no segre-

gation between species in mixed stands, as could occur if,

for example, the main canopy level was dominated by fir

while a second layer of smaller beech or spruce occurred

below. Thus, all the major species can effectively reach and

occupy the dominant stratum. The inventory also revealed

a very small basal area fraction of A. pseudoplatanus, Al-

nus glutinosa, Betula pendula, Carpinus betulus, Populus

tremula, Tilia cordata, and Salix caprea throughout the

case study area. These observations were used to produce

the input files that describe the initial state of the stands.

Moreover, the inventory revealed the presence of trees that

were left standing after a final regeneration cut. These

remnant or veteran trees reach large diameters ([1 m) and

heights and are considered to be of great ecological value

(Read 2000). They were included in the initialization file of

LandClim, with a probability of occurrence estimated at 1

tree per 20 ha. The management plans provided the com-

position of the stand for each management unit, the vol-

ume, the age, and the productivity class. However, only the

main species forming the stand were included, and thus, no

description of the admixture and species-specific diameter

distributions was available. For each cell in LandClim,

trees from the main species were selected from the pre-

scribed diameter-class-specific stem numbers with a prob-

ability proportional to the current composition of the stand,

while 1 to 3 % of the volume was left for the admixture

species. Following Temperli et al. (2013a), the trees were

randomly selected until the target total biomass of the

stand, corresponding to the volume documented in the

management plan, was reached. This partially stochastic

procedure created some spatial variability, since two

adjacent cells belonging to the same management units and

thus having the same biomass have a different tree diam-

eter distribution and slightly different species mixture.

LandClim was run using a cell size of 100 9 100 m, for

which both the ecological and the climate data were

available. Slope, aspect, and elevation were taken from a

digital elevation model at the same scale. Starting from this

initial forest state, we ran LandClim under varying man-

agement and climate scenarios.

Climate scenarios

We used climate projections for the period 2001–2100

from three different regional circulation models driven by

the A1B emission scenario (IPCC 2007): CCSM3 (Kjell-

ström et al. 2011), ECHAM5 (Roeckner et al. 2003) and

HadCM3 (Collins et al. 2006). The RCA30/HadCM3 cli-

mate projection is the most extreme with the largest

increases in summer temperature and largest decreases in

precipitation. RCA30/ECHAM5 is intermediate, and

RCA30/CCSM3 projects the smallest changes in climate.

Projected monthly temperature and precipitation data were

interpolated within the simulated area on a 100 9 100 m

grid using the procedure described in Thornton et al. (1997)

that accounts for variation in elevation. All climate sce-

narios projected dryer conditions: Depending on the cli-

mate scenario, the average growing season temperature

over the simulation area increased between 2.1 and 5.4 �C
and precipitation decreased between 118 and 285 mm for

the period 2090–2100 compared with 2000–2010 (Supp.

Table 1).

Management scenarios

Management types

The management types and harvest rules implemented in

LandClim differed by stand type (even-aged versus

uneven-aged) and according to the dominant species (Fa-

gus, Picea or mixed) and the productivity class, in order to

accurately capture the current management practices

(Supp. Table 2). The stands having a function of produc-

tion (type 1 to 10) were distinguished from those having a

function of protection (type 11).

Spruce monocultures were harvested by clear-cutting

small areas, 3 ha maximum, followed by planting with

spruce (5,000 saplings per ha). This harvest regime was

parameterized to clear-cut each decade one-third of the

area that reached the cutting age. Hence, by selecting

among the potential cells that meet the harvesting thresh-

old, the whole stand is completely harvested in three dec-

ades at minimum. Pure beech stands were also regenerated

according to the shelterwood system whereby one-third of

the cohort is removed each decade over the entire area, and

the simulated forest is allowed to naturally and succes-

sively regenerate during the three decades of the
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regeneration period. Mixed species stands are harvested by

creating small-sized gaps (shelterwood cuts). The size of

gaps is below that of a cell (100 9 100 m); therefore, it is

not possible to simulate this harvest regime directly.

Instead, the average density of the trees can be progres-

sively lowered within cells, which leads to a harvest type of

successive cuttings that resembles the shelterwood systems

currently applied to beech stands. One-third of the trees are

cut every 10 years for mature stands. The minimum bio-

mass that the 100 largest trees must achieve before a stand

is defined as suitable for harvest is 2.5 t ha-1. The man-

agement rules impose a minimum regeneration density of

5,000 trees per ha. To implement this rule, we simulated

planting a mixture of spruce and beech (2,500 spruce

saplings and 2,500 beech plants per ha), as a complement

to the natural regeneration. When planting was needed to

supplement the natural regeneration, we simulated planting

a mixture of spruce and beech (2,500 spruce plants and

2,500 beech plants per ha). For uneven-aged stands, har-

vesting targeted all trees that exceed a prescribed diameter.

Thinnings were scheduled in each stand type with

respect to species composition and stand age according to

the Romanian technical norms (MAPPM 2000b). Thinning

intensities do not exceed 15 % of current volume. These

management prescriptions describe not only the harvest

rules but also the thinning rules, the regeneration rules (the

active planting), and the control of the species composition,

reflecting business as usual management (hereafter BAU).

Adaptive management scenarios

Adaptive management scenarios were defined after inter-

views with forest managers and owners (Mutu et al. 2014),

to simulate realistic behavior and to provide simulation

outputs more useful for practitioners. There was a con-

sensus among the persons interviewed that the current

management rules (BAU) are very conservative in that they

impose a long rotation length for the even-aged forests and

too low thinning intensities. The adaptive management

changes were therefore aimed at shortening the rotation

and increasing the intensity of thinnings. Rotation length

was shortened by 10 years (Adaptive Management 1,

AM1) and 20 years (Adaptive Management 2, AM2)

(Supp. Table 2). These changes were implemented in the

model by decreasing the target densities. Due to the shorter

rotation length, the number of thinnings also decreased

since the thinnings are usually planned once per decade.

The changes did not include measures of species replace-

ment, such as increasing the share of drought-resistant

species. This choice is justified by the pragmatic views

shared by forest managers and owners (Bouriaud et al.

2014; Mutu et al. 2014) that implies continuing with the

natural regeneration of stands and, if possible, with the

current presence of spruce. The third management scenario

(AM3) was meant to reproduce a change in management

during the simulation period and therefore is a mixture of

the others whereby the BAU is kept until 2030, AM1

covers the period from 2040 to 2060 (decades 4–6), and

AM2 covers the period from 2070 to 2100 (decades 7–10).

Results

Changes in biomass and species composition

The development of the total forest biomass over the

100-year simulation period varied greatly between the

climate scenarios: It almost doubled under CCSM3,

increased by *50 % under ECHAM5, and decreased

under HadCM3 (Fig. 1).

Under this last scenario, the biomass remaining after

100 years represented only 80 % of its start value. The

share of conifers decreased regardless of the climate sce-

nario. Conversely, the surge of biomass under CCSM3 was

driven by the substantial increase in the biomass of

broadleaves. The divergence between CCSM3 and

ECHAM5 occurred only after 2050: During the first

50 years of simulation, the biomass estimation for both

conifers and broadleaves remained similar for both climate

scenarios. In contrast, a strong reduction of biomass under
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HadCM3 was simulated during the first two decades of the

simulation, i.e., between years 2001 and 2020. Thereafter,

conifer biomass (mostly Pinus sylvestris) increased slowly,

while in year 2060 broadleaved biomass started to decrease

strongly until the end of the simulation period.

For CCSM3 and ECHAM5, the increase in biomass

occurred mostly in the 800–1,000 m elevation range

(Fig. 2). The biomass of beech increased dramatically

under CCSM3 and tended to shift with elevation under the

ECHAM5 scenario. The contribution of fir to the total

biomass remained important throughout the simulation,

although limited to elevations higher than*800 m. Spruce

either completely disappeared or its biomass decreased to a

few percent of the total forest biomass. The species com-

position at low elevation changed radically. The share of P.

sylvestris and of broadleaved species such as Quercus

petraea, Sorbus aucuparia, T. cordata, and P. tremula

drastically increased. Under HadCM3, which projected the

highest temperature increase, the dominant species became

P. sylvestris and among the broadleaves, Quercus pubes-

cens, while the current dominant species disappeared or

were reduced to low percentages.

A mild (CCSM3) and strong (ECHAM5) warming did

not trigger a substitution of the species in stands where no

harvest occurred (Fig. 3). Hence, species conversion was

mostly dependent on the interaction between management

and climate change. Stands that were either too young to be

harvested during the simulation period and stands that were

not harvested because they were kept under protection did

not display any change in the dominant species (Fig. 3).

Under extreme climate change (HadCM3), on the other

hand, the species change occurred even before harvest.

Harvests

Timber biomass removal was dominated by fir, followed

by beech and spruce regardless of the climate scenario

(Supp. Figure 3). Over 80 % of the biomass extracted

during the simulation came from harvests (regeneration

cuts simulated at the end of the rotation period), and thus

only 20 % from thinnings. Secondary species such as B.

pendula, C. betulus, and T. cordata also contributed

noticeably. The dominant species fir, beech, and spruce

were extracted mainly during the first three decades of the

simulation. This reflected the age unbalance at the start of

the simulation as imposed by the management planning

data and field surveys (Fig. 4). According to the age

structure at the starting point, *40 % of the stands were

indeed hitting the harvest age during the first three decades

of the simulation period (in year 2030). Thus, regardless of

the management scenario, old stands were harvested during

the first decades of the simulation (Fig. 4).
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Fig. 4 Comparison of the stand age distribution at start-point (black bars) and at the end of the simulation (white bars) depending on the climate

scenario used, for the contrasted BAU and AM3 management scenarios
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Adaptive management

The effects of the adaptive management regimes, i.e.,

shorter rotations and more intense thinnings, on the total

harvested biomass were very modest for all climate sce-

narios (Fig. 5).

The amount of biomass harvested increased but only

during the first decades, even in the most intense man-

agement scenario: The maximum was observed under

CCSM3 with ?37 % in the year 2040. Regardless of the

climate model scenario, the harvests realized after the year

2050 were very similar between management scenarios.

The consequences of the changes in the management for

the state of the forest in 2100 were quite variable according

to the climate scenario but very similar among manage-

ment scenarios (Supp. Figure 4). The overall standing

biomass increased by 36 % under CCSM3 with manage-

ment scenario 3 (AM3) and by 39 % with BAU. Under the

HadCM3 climate scenario, the biomass decreased by 38 %

with AM3 against 19 % with BAU. The management

scenarios had little influence on the species composition.

Nevertheless, the strong decrease of spruce was accelerated

under the adaptive management scenarios, although it was

still planted at high densities after harvests in all scenarios.

Discussion

Climate versus management changes

Projected total forest biomass in 2100 differed greatly

between the different climate scenarios. Within the forest

district, the overall forest biomass was projected to almost

double under moderate climate change or decreased to

80 % of its current values under more extreme climate

change. All simulations projected a major change in spe-

cies composition, regardless of the trend in total biomass.

The share of broadleaved species consistently increased,

along with the increasing abundance of more thermophile

and/or drought-resistant species.

The adaptive management scenarios tested were not

designed to promote species other than spruce and beech.

The adaptive management tests were limited to modifying

the scheduling of tree extraction and were meant to reflect

managers’ behavior anticipating higher temperatures and

dryer conditions and thereby reducing rotation length and

increasing thinning intensity to create opportunities for a

more climate-adapted natural regeneration. Therewith, they

favored more drought-adapted broadleaf species and,

among the conifers, P. sylvestris.

Our results show that the changes in management rep-

resented in the simulations—all toward stronger interven-

tions and shorter rotations—have a much smaller influence

on the forest state than changes in climate. This finding

contrasts results from other modelling study from mixed

oak-pine stands and low-elevation spruce forests in Ger-

many (Gutsch et al. 2011; Temperli et al. 2012). In these

studies, the differences in the tested management scenarios

were much larger than in the present study. While Gutsch

et al. (2011) and Temperli et al. (2012) tested a range of

extreme management scenarios that represented different

management objectives, we here focused on management

scenarios that aimed at achieving the same management

goal (timber production, namely Norway spruce logs)

using different adaptation strategies and that thus included

comparatively small changes in thinning intensity and

rotation length. This reflects the adaptation strategies that

local forest managers would favor (Mutu et al. 2014).

Decreasing the harvesting age is a controversial policy

issue in Romania, and the chances that such a change

would be implemented are quite low. Another major reason

for the small influence of management in our study was

related to the stand age imbalance at the start of the sim-

ulation. Indeed, regardless of the management scenario, the

old stands that were close to, or sometimes exceeded, the

theoretical harvest age threshold were harvested during the

first decades of the simulation. The other stands, for which

the difference in the rotation length could have mattered,

were too far from the age limit or too few in number to

make any landscape-scale difference on either the biomass

per hectare or the overall species composition projections.

Similarly, increasing the thinning intensity did not lead to

substantial differences in the state of the forest at the end of

the simulation. Having more than a third of the stands

harvested at the beginning of the simulation functionally

diminishes the potential effects of the management chan-

ges: These stands entered the regeneration phase, when

little silvicultural interventions occur. This period can last

up to 30–35 years for even-aged stands (such as the ‘‘cut

and leave’’ model described in Schulze et al. 2014). The

species composition can be changed by planting selected

species (enrichment planting) or during the weeding and

cleaning. The cost of the silvicultural operations currently
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exceeds the average income from the forest, and cleanings

or pre-commercial thinnings are not systematically prac-

ticed in Romania (Bouriaud et al. 2013b; Schulze et al.

2014). Accordingly, they were not implemented in the

simulation. Thus, changes in the management may not lead

to rapid adaptation since the stands go through long periods

without active changes in the species composition or stand

structure.

Conversely, our results show that the species composi-

tion change is strongly driven by harvest actions. Thus,

harvest can be seen as an opportunity for active adapta-

tions, and regeneration cuts can impose a critical momen-

tum for change. The age structure of the stands is an

important factor as it creates or hinders opportunities for

harvests. This has also been shown by Temperli et al.

(2012) who found that the harvest of old and even-aged

spruce stands that were afforested outside their warm-dry

natural distribution limits created the opportunity for the

natural regeneration of more drought-adapted tree species.

The relatively pronounced climate scenario-dependent

upward and downward trends in total, broadleaved, and

conifer biomass (Fig. 1) indicate that species composition

and thus forest biomass could not adapt fast enough to cope

with the climate change until the end of the simulation

period. This finding is also consistent with Temperli et al.

(2012) who found that under severe climate change con-

ditions, as here represented by the HadCM3 scenario,

100 years are not sufficient to completely adapt the species

composition to climate change and to avoid important

losses of biomass. The development of new stands with

more drought-resistant or thermophile species is slower

than the projected climate shifts, and even proactive

management cannot prevent a transition period with very

low stocks due to either limited growth or young stands

which typically display a lower biomass per hectare than

mature stands. This does not exclude the possibility that

large biomass stocks could build up in the longer term.

The increase of the thinning intensity can be an efficient

and desirable measure against the risks of drought. Indeed,

thinning is supposed to reduce both the water interception

and the evapotranspiration, thus temporarily improving the

water status of the remaining trees (Granier et al. 1999;

Simonin et al. 2007; Morán-López et al. 2013) unless the

canopy cover remains closed enough to prevent excessive

soil drying. The effects of the relatively moderate increases

in thinning intensity that we simulated here were however

quite weak and could not counterbalance the severe and

frequent droughts projected by ECHAM5 and HadCM3.

Changes in tree species composition

Previous studies in Alpine sites (Lévesque et al. 2013) and

in Germany (Reif et al. 2010; Temperli et al. 2012) have

also projected a reduced contribution of spruce to the total

forest biomass, with some projections suggesting spruce

disappearing from some regions. This reflects the fact that

spruce is not resistant to changes in climate (Boden et al.

2014). However, in Frasin, the reasons for this disappear-

ance are not only related to climate. The spatial distribution

of spruce is a result of large-scale plantations in the 1920s

and 1960s where it was introduced or favored against other

species. Its natural occurrence at elevations lower than

700 m is largely under debate (Olenici et al. 2011), and it is

very probable that the extent of spruce will decrease in the

future as low-elevation plantations will be harvested.

Despite being systematically planted in the model during

the regeneration phase of the stands, spruce disappeared in

the majority of the simulations unlike fir. This trend is

currently observed by foresters, whereby the high prices for

spruce logs tend to favor its harvest. The current forestry

practices recorded in the case study show a preference of

forest owners and managers for the removal of spruce trees

in mixed forests due to the high market demand and good

prices of spruce logs (Nichiforel 2011). Its systematic

extraction favors the regeneration of other species and

reduces the chances of this species to regenerate naturally,

while planting proved unable to compensate for its disap-

pearance during the regeneration stage. There is therefore a

high likelihood that the simulated climate-driven retraction

of spruce will be amplified by market-driven actual

practices.

The abundance of pioneer and post-pioneer species such

as S. caprea, P. tremula, and B. pendula increased

regardless of the climate and the management scenario.

Depending on the climate scenario, they accompany the

large openings created either by the cuts or by the decline

of the currently dominant species, e.g., the drop in spruce

and fir at low elevations. Even though these admixture

species are rarely listed in the stand descriptions of the

management plans, our inventory confirmed the presence

of these species, often at stand edges, and at lower eleva-

tions, along the rivers, but also in the clear-cut and not-

replanted private forests subject to privatization after the

year 1990. This was reflected by the species diversity in the

initialization data set. The importance of accurately rep-

resenting these relatively rare admixture species in the

initialization data of the simulation (Temperli et al. 2013a)

needs to be stressed. Seed trees need to be present in order

to enable species to extend their biomass share. In

LandClim, this requirement is reflected by simulated cell-

to-cell seed dispersion depending on species-specific seed

dispersal properties, while seedling survival probabilities

fluctuate according to cell-specific climate conditions and

light availability (Schumacher et al. 2004).

Dramatic changes in species composition can occur

when the dominant species are replaced (Bugmann 1997).
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The fact that in the model projections under extreme cli-

mate change (HadCM3) the species change occurred even

before stands are harvested suggests the inadequacy of

some species for the new growing and regeneration con-

ditions. Large-scale species replacement in a matter of

100 years, as projected by the model for the climate sce-

nario HadCM3, which includes a ?5.4 �C increase of

growing season temperatures during this period, may seem

unlikely at first sight. However, large-scale tree death is a

possibility, and even drought-resistant species could be

affected by severe weather events, as observed during the

severe drought in Greece in the year 2000 by Körner et al.

(2005) and Chrysopolitou et al. (2013). Recently observed

diebacks in P. sylvestris and A. alba (Bigler et al. 2006;

Galiano et al. 2010) are further examples of short-term

drought-induced changes in species composition. The

strong simulated expansion of Q. pubescens under the

extreme HadCM3 climate potentially reflects a new opti-

mum vegetation formation. While Q. pubescens is cur-

rently encountered at much lower elevations and further to

the South of Romania, it likely cannot migrate as fast as

our simulations suggest without assistance. By showing

that possible future climatic conditions may promote the

growth of drought-adapted species such as Q. pubescens,

our results are in agreement with Hickler et al. (2012) and

Hanewinkel et al. (2012) who predicted a shift of the forest

vegetation toward continental xeric species. Thus, our

simulation results indicate that such tree species are a

viable alternative to the currently dominant species (beech,

fir, and spruce). However, practitioners are likely to be very

sceptical about such a management alternative, since it

contradicts their past experience with forestry in the Frasin

district but also due to their weak belief in climate change

(Mutu et al. 2014). Moreover, it appears that climate

change adaptation requires a trade-off between biomass

production, which is likely to decrease in general, and

species diversity that is likely to increase in all scenarios.

Under current conditions, the Frasin forest district does

not suffer frequent large-scale windthrow events. Conse-

quently, these disturbances were not included in this study.

The study does not account for increased bark beetle dis-

turbance under climate change that may also contribute to

spruce dieback and the ensuing change in species compo-

sition (Duduman et al. 2011; Olenici et al. 2011; Marini

et al. 2012; Temperli et al. 2013b). These aspects will need

to be further investigated as they could represent major and

probable triggers of large-scale stand replacements, with

potential impacts on forest species composition that are

akin to the management impacts we examined.

Conclusion

In Frasin, the occurrence of many mature stands is an

opportunity to implement large-scale harvests to change

species composition and possibly foster climate change

adaptation. Our simulation results suggest that forest bio-

mass is projected to increase markedly under the scenario

that assumes the most modest climate change (CCSM3),

but decreased severely under extreme climate change

(HadCM3). Secondly, the simulation results show that

under moderate and intermediate climate scenarios, chan-

ges in species composition occurred principally in har-

vested stands, while stands not harvested did not display

species replacements. Under extreme climate change

(HadCM3) on the other hand, the species change occurred

even before harvest. The model projections therefore

highlight the inadequacy of some species for the new

growing and regeneration conditions that accompany the

extreme climate scenario. The effects of the adaptive

management regimes we defined, i.e., shorter rotations and

more intense thinnings, on the total harvested biomass were

very modest under all climate scenarios. The management

scenarios had little influence on the species composition,

and the state of the forest in 2100 was very similar to that

simulated under the business as usual scenario. The strong

decrease of spruce was even accelerated under the adaptive

management scenarios, although spruce was still planted at

high densities after harvests in all cases. The strong pro-

motion of species such as Q. pubescens under HadCM3

simulations, which is currently encountered at much lower

elevations and further to the South of Romania, potentially

reflects the formation of a new optimum vegetation, yet

practitioners would be very sceptical about such a future

alternative. In sum, our findings suggest that the interaction

between climate change and harvest is very important for

the time frame of 100 years considered in this study.

Harvesting can be seen as a chance to undergo active

adaptation with respect to species composition, which

confirms that the regeneration cut is a critical momentum

of change. Moreover, it appears that climate change

adaptation decisions require a trade-off between the bio-

mass production that is likely to decrease in general and the

species diversity that is likely to increase in all climate and

management scenarios.
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