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Working together for forest soils

Norway spruce monocultures are losing
the climate race—mixed forests offer a
safer bet for Europe’s carbon future

Key messdages
A 24-year field study in central Slovakia

shows that Norway spruce monocultures suffer sharper growth declines during drought, lose carbon
after bark-beetle attacks and release up to 2 x more CO, from soil following clear-cutting than
neighbouring mixed forests.

Diverse stands kept
stable growth through the 2022 megadrought, maintained steadier soil-carbon fluxes and recovered
methane-sink capacity faster after drought.

Annual soil-carbon emissions (= 7-8 t C ha™" yr') exceeded litter
inputs by half, yet current greenhouse-gas inventories rarely capture this loss of soil carbon.

Converting a part of Europe's 60 M ha of spruce-heavy plantations to
mixed stands would cut carbon-loss risk, curb beetle outbreaks and safeguard rural jobs tied to
sustainable timber.

Why this matters

Norway spruce (Picea abies) has long been Europe’s workhorse species, supplying fast-growing timber
from Finland to the Carpathians and beyond. Warming, drought and bark beetles now threaten that
business model. Our study, recently published in Forest Ecology and Management (Bosela et al., 2025),
offers the most complete “above- plus below-ground” comparison yet between a 70-year-old spruce
plantation and a neighbouring 150-year unmanaged mixed forest on identical soils.

Study at a glance

Aspect Spruce monoculture Mixed beech-fir-spruce stand
Site & age 70 yrs, managed 150 yrs, near-natural

2022 drought impact Tree growth -50 %; soil CO, efflux : Growth stable; soil CO, efflux mod-

fell to 25 % of mixed stand est dip
2023 bark-beetle outbreak ;8%/" mortality; clear-cut in Sept No outbreak

Doubled vs. pre- harvest; stays

Post-clear-cut soil CO, elevated

Unchanged

Collapsed after felling but fully

Methane uptake recovered within 18 months

Consistently high

Soil C stock (0-80 cm) 125t C ha (35 % of AGB) 135t C ha™ (29 % of AGB)



Core findings

Spruce closed stomata early, slashed sap flow
and growth; beech and fir maintained turgor and
photosynthesis.

Clear-cutting a beetle-killed spruce stand triggered
a pulse of decomposition-driven CO, equal to an
extra 4t C ha"in the first autumn alone.

Mixed soils hosted more ectomycorrhizal fungi
and microbial biomass, buffering carbon cycling
during stress.

Contrary to older studies, CH, uptake recovered
within two seasons—but only once diverse
ground vegetation re-established.

Policy & management implications

Challenge What the evidence says Recommended response
Growing climate-driven Higher mortality, lower long-term : Diversify stands during thinning;
losses from spruce mono- : carbon gain, big post-harvest favour beech, fir, maple, ash where
cultures emissions site permits

Under-reported soil , I . Update inventory guidelines to
emissions in national GHG gg»lﬁgé;gger input, pluses after include drought & post-disturbances
accounts soil fluxes

Bark-beetle outbreaks fu-
elled by drought-stressed
spruce

Mixed stands avoided outbreak Strengthen monitoring & promote
despite proximity species mixes as biological barrier

Incentivise conversion via CAP for-
estry payments, carbon credits and
Natura 2000 funds

EU climate & biodiversity : Mixed forests deliver both carbon
targets stability and habitat complexity

Next steps for decision-makers

Set national targets to reduce pure-spruce area Mandate post-disturbance soil-carbon
by at least 20 % by 2035, prioritising high-risk monitoring in EU Forest Reference Levels.

low-elevation zones. )
Support long-term research networks that pair

Launch pilot ‘mixed-conversion’ funds covering eddy-covariance towers with soil chambers to
seedling costs and lost short-term revenue. close the carbon budget.
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Study site: Continuous-cover mixed
forest in the buffer zone of Dobro¢
primary forest and 70-years-old spruce
monoculture planted next to the mixed
stand, which faced a clear-cut after the
bark-beetle invasion in 2023 (dead trees
harvested in September 2023).

Long-term changes in the average tree
above-ground biomass increment in
the spruce monoculture and mixed
stand. The regression lines indicate
changes after 2000.

Site Mixed D Spruce

Annual, seasonal (May-August),

and post-disturbance total floor and
heterotrophic C emissions from

soil based on interpolation by the
mixed GAM model. The estimation

of C emitted after the clear-cut sums
emissions from September (when the
clear-cut was realised) to December.



