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Abstract: Climate change is generally expected to have a positive effect on weathering rates, due to
the strong temperature dependence of the weathering process. Important feedback mechanisms such
as changes in soil moisture, tree growth and organic matter decomposition can affect the response of
weathering rates to climate change. In this study, the dynamic forest ecosystem model ForSAFE, with
mechanistic descriptions of tree growth, organic matter decomposition, weathering, hydrology and
ion exchange processes, is used to investigate the effects of future climate scenarios on base cation
weathering rates. In total, 544 productive coniferous forest sites from the Swedish National Forest
Inventory are modelled, and differences in weathering responses to changes in climate from two
Global Climate Models are investigated. The study shows that weathering rates at the simulated sites
are likely to increase, but not to the extent predicted by a direct response to elevated air temperatures.
Besides the result that increases in soil temperatures are less evident than those in air temperature,
the study shows that soil moisture availability has a strong potential to limit the expected response
to increased temperature. While changes in annual precipitation may not indicate further risk
for more severe water deficits, seasonal differences show a clear difference between winters and
summers. Taking into account the seasonal variation, the study shows that reduced soil water
availability in the summer seasons will strongly limit the expected gain in weathering associated
with higher temperatures.

Keywords: base cations; mineral weathering; forest soils; climate change; dynamic modelling

1. Introduction

The use of the natural environment for economic activity has led to increasingly
evident environmental impacts. On the global scale, these impacts are manifested through
the exceedance of the planetary boundaries [1], including climate change [2]. Awareness of
these impacts is driving a shift away from conventional, linear resource use to a circular,
bio-based economy [3]. Sweden is engaging in an ambitious national strategy to have no
net emission of greenhouse gases by the year 2045 (The Climate Act, 2017:720), supported
by a national strategy for a bio-based economy [4]. While forestry is already today a key
sector in this strategy [5], a further increase in biomass production from forestry is needed
to meet the stated goals [6,7].

Higher levels of biomass harvesting from forests may, however, compromise the
sustainability of forest ecosystems [8]. As in other parts of Europe, Swedish forests have
been exposed to acid atmospheric deposition [9,10], the effects of which can still be seen
in acidified forest soils [11–13]. Forest soil acidification may be further exacerbated by
the removal of alkaline cations though biomass harvesting [11,14–16]. Iwald et al. [11]
show that the net extraction of base cations through forest harvesting in spruce forests
causes higher soil acidification than the current acid deposition. Using production forecasts
from Claesson [17], Iwald et al. [11] conclude that forestry will be the major source of soil
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acidification in the coming 100 years. These findings are supported by mass balance studies
by [18,19] demonstrating net long-term losses of base cations under different harvesting
intensities, even under climate change scenarios leading to higher weathering rates.

Base cation release through mineral weathering sustains the long-term supply of
base cations [20]. In light of increasing temperatures following climate change, this com-
pensation potential is anticipated to increase as weathering is responsive to temperature
changes [21–23]. Akselsson et al. [19] used the PROFILE model, which includes an Arrhe-
nius dependence of weathering rates on temperature, to show that weathering rates would
increase by 20% to 33% in Swedish soils in response to the expected warming by between
2.2 ◦C and 3.3 ◦C over the coming 50 years. While this increase falls short of the expected
increase in losses through whole tree harvesting at 66% as compared to conventional stem
harvesting [19], it is in line with the independent finding of Aherne et al. [20] using a
different method in comparable ecosystems. In a separate assessment using a cascade of
numerical models for climate, vegetation and weathering, Godderis et al. showed that
silicate weathering is likely to increase in response to changes in climate over the next
100 years, and that pedon scale hydrological patterns are likely to have a decisive role in
regulating this response [24]. Besides its response to temperature, mineral weathering is
regulated through a range of other factors, many of which involve geochemical, physical,
as well as biological processes [22,25–29]. The potential acceleration of weathering rates in
response to higher temperatures can be cancelled by drier soil conditions, which in turn
can be driven by increased plant transpiration following higher plant growth. At the same
time, higher plant growth can produce more litterfall, thereby increasing the concentrations
of organic radicals, lowering base cation concentrations through uptake, and lowering pH,
thus further promoting weathering. When considering the different pathways through
which climatic changes can affect weathering, it becomes less evident whether the net effect
will be positive or negative.

To investigate the net response of weathering to climatic changes, it is necessary to
account for different processes simultaneously. For this, integrated ecosystem models are well
suited tools. In this study, we use the integrated forest ecosystem model ForSAFE [14,30,31] to
evaluate the processes by which climate change affects mineral weathering in forest soils, and
identify instances where these processes amplify or cancel out each other. The study focuses
specifically on the effect of higher temperatures and different precipitation patterns on mineral
weathering rates in the unsaturated zone up to the year 2100. It will test the hypothesis that a
reduction in water availability will limit the expected increase in weathering expected from
higher temperatures. To account for the uncertainty of future climate trajectories, modelled
data from two climate models with different projections are used.

2. Materials and Methods
2.1. The ForSAFE Model

ForSAFE is an integrated forest ecosystem model that simulates the interlinked bio-
geochemical cycles of water, carbon, nutrients and other elements [30–33]. The model
calculates time derivatives of the mass balance of carbon, nitrogen, calcium, magnesium,
potassium, sodium, chlorine, and aluminium as they move between minerals, ion exchange
sites, soil solution, living biota and soil organic matter. The release of base cations through
the weathering of minerals in ForSAFE is based on the PROFILE model [22]. Weathering
happens through four pathways regulated by soil solution acidity, moisture, partial CO2
pressure and the concentration of organic radicals. The total weathering flux for one mineral
is given as the sum of the four independent mineral dissolution pathways (Equation (1)).

r = FH(T) · kH ·
[H+]

nH

fH
+ FH2O(T) · kH2O·

1
fH2O

+ FCO2(T) · kCO2 ·
[
PCO2

]nCO2

fCO2

+ FR(T) · kR·
[R−]

nR

fR
(1)

where Fi(T) is the Arrhenius temperature response given by Equation (2), for each disso-
lution pathway i associated with H+, H2O, CO2 and organic radicals R−. Each pathway
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can be subject to a retardation function ( fi), which are here only assumed to be active for
weathering by H+ and H2O.

Fi(T) = e
−(EA)i

R ( 1
T −

1
T0

) (2)

where EA is the activation energy of mineral i, R is the universal gas constant, T0 is the
reference temperature set to 281 K [22] and T is the independent temperature. The total
weathering rate of soil horizon is then given by Equation (3):

Rw =
minerals

∑
i=1

ri·Aw·xi·θ·z (3)

where Aw is the total weatherable area according to Phelan et al. [34], xi is the fraction of
the weatherable area fraction of mineral i, θ is soil moisture, and z the thickness of the
soil layer.

The Arrhenius temperature response function (Equation (2)) describes how an increase
in temperature is expected to drive an increase in the mineral dissolution rates. The
responses are shown for selected activation energies in Figure 1.

Figure 1. Arrhenius temperature response functions of weathering rates for different mineral activa-
tion energies (kJ·mol−1·K−1).

All weathering pathways will individually increase with higher temperature (Equation (1),
Figure 1). At the same time, the total weathering rate will be directly regulated by soil
moisture (Equation (3)). Additionally, the retardation functions can be promoted by lower
soil moisture as this increases the concentrations of base cations and aluminum. In For-
SAFE, tree cover physiological processes and organic matter decomposition are modelled
endogenously. This allows the model to internally account for changes in soil moisture
and solute concentrations in response to changes in climate, but also internal changes in
growth, uptake, respiration and mineralization in a way that previous studies with the
PROFILE model were not able to capture directly [19]. The numerical parametrization of
the individual weathering pathways for the minerals present in the simulated soils can be
found in Akselsson et al. [19].
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2.2. Study Area

This study comprises forest sites from all parts of Sweden, expect the mountainous
region in the northwest and the two islands Öland and Gotland in the southeast. The latitu-
dinal range goes from 55◦ N to 69◦ N, spanning various climatic and different vegetations
zones: the boreal zone above around 60◦, the nemoral zone in the southernmost part and
boreonemoral zone in between.

The bedrock is dominated by igneous and metamorphic rocks, mainly granites and
gneisses, but sedimentary rocks are also common. Sweden was covered by ice during
the last ice age, and the soils thus consist to a large extent of glacial till and glacifluvial
deposits. These soils originate mainly from nutrient poor and slow weathering parent
material like granite and gneiss, but often with different compositions than the underlying
bedrock due to the movement of till during the recent glaciation [18]. The soils modelled are
generally rather poor, with podzol as the most common soil type. Acidifying precipitation
has further deteriorated the soil’s nutritional status, especially in southwest Sweden with
the highest atmospheric deposition levels [13]. However, calcite-rich soils originating from
sedimentary bedrock can be found in some areas, e.g., in the southernmost part of Sweden.
Those areas are often used for agriculture rather than forestry, making them only marginally
present in the simulated database.

Forest land covers more than two thirds of the land area, and most of the forest is
managed. The most common tree species are Norway Spruce (Picea abies (L.) H. Karst.) and
Scots Pine (Pinus sylvestris L.). Spruce is dominating in the south, whereas pine is the most
common species in the north. The most common deciduous species is birch (Betula pubescens
Ehrh. and Betula pendula Roth). Less common deciduous species are European beech (Fagus
sylvatica L.), trembling aspen (Populus tremula L.) and pedunculate oak (Quercus robur L.).

2.3. Forest Sites Data

ForSAFE was applied to 544 managed coniferous forest sites in Sweden [35]. Soil
data was originally compiled by Warfvinge and Sverdrup [36] and complemented by Al-
veteg [37] with data from the Swedish National Forest Inventory [38]. Unlike the study by
Alveteg [37], only soil data was used as input and not data on tree growth, as ForSAFE
internally calculates tree growth, organic matter decomposition and hydrology. The mod-
elled soils represent the rooting zones and are contained within a depth of up to 50 cm. All
soils are podzols, with little or no similarity to the mineralogy of the bedrock due to the
movement of silt during the recent glaciation [39]. The respective thickness, texture and
total elemental analysis (used to calculate mineralogy) for the different soil layers at each
site were derived from data provided by the Swedish Geological Survey and the Swedish
National Forest Inventory [39].

ForSAFE requires time series data for atmospheric deposition and climate for the
simulation period between the years 1900 and 2100. Data for atmospheric deposition for
NH4

+, NO3
− and SO4

2− were derived from the EMEP model simulations [40], adopting the
historical trends from [9] and the future projections following the emissions scenario of the
current legislation of the revised Gothenburg protocol of the Long Range Transboundary
Air Pollution convention (LRTAP). The atmospheric deposition data for the Ca2+, Mg2+,
K+, Na+ and Cl− came from recent output by the MATCH model [41] and held constant
over the simulation period.

Forest stand history and future management were derived from current recommen-
dations for spruce and pine forests in the management tables (gallringsmallar) developed
by the Swedish Forest Agency and indications given by the model INGVAR [42–44]. Ac-
cording to these sources the rotation length and number of thinnings vary according to
the geographical location of the stand and the site productivity. The forest rotation length
was further corrected based on recorded stand age from the National Forest Inventory [35].
Forest management dictates the historical and expected dates and intensities of harvesting
and thinning at each modelled forest stand.
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2.4. Climate

Precipitation and temperature data for the period between 1961 and 2008 were derived
from historical records from the weather stations of the Swedish Meteorological Institute
(SMHI), and spatially interpolated to the exact coordinates of the simulated sites [45]. Data
on global radiation time-series from the NCEP/NCAR’s reanalysis project were converted
to photosynthetically active radiation (PAR) using SMHI’s STRÅNG model [45]. The site
specific climate data for the period 1961 to 2008 was then used to calibrate the historical and
future climate trends from two Global Climate Models (GCM): the Max Plank Institute’s
ECHAM5 GCM (hereafter referred to as ECHAM) and the National Center for Atmospheric
Research’s CCSM3 GCM (hereafter referred to as CCSM). The SRES A2 story line was used
for the future climate.

Although using the same emissions scenario, the two climate models produce markedly
different projections of temperature and precipitation. ECHAM predicts a stronger increase in
winter temperatures (December to February), while CCSM predicts more markedly warmer
summers (June to August) (Figure 2). Both models predict wetter winters, but different
geographical patterns in summer precipitation (Figure 2). While ECHAM divides Sweden
into an evenly drier south and wetter north during the summers, CCSM foresees wetter inland
areas and drier coastal areas, with no apparent north to south pattern (Figure 2).

Figure 2. Differences in air temperature (T) and precipitation (P) between climate change projections
by the CCSM and ECHAM models for the period 2071–2100 as compared to a hypothetical future
with no change from the reference period of 1981–2010 (adapted from [35]). The upper row shows:
(A)—the difference in mean annual temperature (◦C), (B)—mean winter temperature (◦C) and (C)—
mean summer temperature (◦C). The lower row shows the corresponding difference in precipitation
(%) annually (D), for the winter season (E) and for summer (F).
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For the purpose of the study, the ForSAFE model was run with three climate scenarios:
1—the baseline scenario assumes no further change compared to the reference period of
1981–2010, 2—the CCSM scenario follows the climate projections of the CCSM model, and
3—the ECHAM scenario follows the projections of the ECHAM model. All comparative
results are shown as averages for the period 2071–2100.

3. Results
3.1. Annual Weathering Rates

The rates of base cation release from weathering vary greatly between sites under
the baseline scenario, but with no clear large scale geographical patterns, except for the
relatively lower rates in central Sweden due to poorer parent material (Figure 3). The
average weathering rate under the base line scenario is 0.35 keq·ha−1·year−1, with the
median at 0.24 keq·ha−1·year−1 (Table 1). The variability is relatively large, with the
standard deviation at 0.4 keq·ha−1·year−1, and the skewness strongly positive at 4.43.
Under future climate change, the average annual weathering rate is expected to increase to
0.43 keq·ha−1·year−1 and 0.44 keq·ha−1·year−1, respectively, using the CCSM and ECHAM
climate scenarios. The standard deviation will slightly increase to 0.48 and 0.49, respectively,
under CCSM and ECHAM (Table 1). The expected average annual weathering rates in
response to climate change do not show any clear geographical patterns corresponding to
the expected air temperature increase, with increases simulated in all regions (Figure 2).
The region in central Sweden with a high frequency of lower weathering rates is consistent
through all three scenarios (Figure 3).

Figure 3. Geographical distributions of mineral weathering rates (keq·ha−1·year−1) in the unsatu-
rated soil at 544 productive forest sites. (A)—without changes in climate, (B)—using CCSM climate
projections, and (C)—using ECHAM climate projections.
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Table 1. Statistical summary of the release rates of Ca2+ + Mg2+ + K+ + Na+ from mineral weathering
(called weathering rates) in the unsaturated soil (between 45 cm and 50 cm depth) at 544 forested sites.

Annual 1 Weathering
Rate without

Climate Change
(keq·ha−1·year−1)

Annual 2

Weathering Rate
with Future Climate
According to CCSM
(keq·ha−1·year−1)

Annual 2 Weathering Rate
with Future Climate

According to ECHAM
(keq·ha−1·year−1)

Minimum 0.05 0.05 0.05
Maximum 4.42 5.61 5.70

Mean 0.35 0.43 0.44
Median 0.24 0.30 0.29

Std Deviation 0.40 0.48 0.49
Skewness 4.43 4.66 4.65

1 Average annual release of Ca2+ + Mg2+ + K+ + Na+ (keq·ha−1·year−1) through mineral weathering for the
period 2071–2100 under a hypothetical future with no change in climate compared to the period 1981–2010.
2 Average annual release of Ca2+ + Mg2+ + K+ + Na+ (keq·ha−1·year−1) through mineral weathering for the
period 2071–2100 under a changing climate according to climate forecasts by CCSM and ECHAM.

3.2. Annual Change in Weathering Following Climate Change

Weathering rates are expected to increase consistently throughout the country and
under both climate change scenarios (Figure 4). Expectedly, the geographical pattern of
the annual increase in weathering mirrors relatively closely the increase in annual soil
temperature (Figure 4), but less so the increase in air temperature (Figure 2).

Figure 4. Geographical distribution of changes in soil temperature (◦C) and weathering rates (%)
between CCSM (A) and the baseline and between ECHAM (B) and the baseline.

The annual average response of weathering to soil temperature increase is also stronger
than that to air temperature increase (Table 2). The average annual weathering rates are
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expected to increase by 6.6% to 6.7% per ◦C increase in air temperature under the CCSM
and ECHAM scenarios, respectively. When compared to the increase in soil temperature,
weathering rates increments per ◦C rise to 9.3%·◦C−1 and 8.9%·◦C−1, respectively, under
CCSM and ECHAM. The difference in weathering response to air temperature as compared
to soil temperature change is even more expressed during the winter season, but virtually
absent during summers (Table 2).

Table 2. Average (±standard deviation) increment of weathering per degree Celsius increase of air
(rows 1 and 3) and soil temperature (rows 2 and 4) (%·◦C−1) for 544 productive coniferous forest sites
under CCSM and ECHAM.

Annual Winter Summer

CCSM
∆Weathering/∆AirTemp 6.7 ± 1.6 2.6 ± 2.1 7.3 ± 1.6
∆Weathering/∆SoilTemp 9.3 ± 1.8 8.9 ± 3.3 7.5 ± 1.6

ECHAM
∆Weathering/∆AirTemp 6.6 ± 1.5 4.3 ± 2.3 7.9 ± 1.7
∆Weathering/∆SoilTemp 8.9 ± 1.3 9.4 ± 1.8 7.7 ± 1.6

The increase in weathering correlates positively and significantly to soil temperature
increase under both climate scenarios (Figure 5). However, the spread of the correlations
remains wide as shown by the low R2 values (Figure 5). According to the linear regres-
sion (Figure 5), the incremental increase in weathering with soil temperature increase is
6.0%·◦C−1 and 8.6%·◦C−1 under CCSM and ECHAM, respectively.

Figure 5. Linear regressions between changes in annual soil temperature and moisture and change in
annual weathering rates, under two climate scenarios according to the CCSM (top row) and ECHAM
models (bottom row).
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The effect of the change in annual average soil moisture on the weathering rates seems
inconclusive (Figure 5). Under the CCSM climate scenario, the correlation between the
increase in average annual weathering and the decrease in average annual moisture is not
significant, weak, and has a wide spread. Under the ECHAM climate scenario, although
the correlation is significant, it has a wide spread and a weak slope (Figure 5).

3.3. Change in Weathering during the Summer Season

Unlike the change in annual soil temperatures shown above, the increase in summer
soil temperatures is different between the two climate scenarios (Figure 6). Summer soil
temperatures are expected to increase by 3.5 ◦C to 4.5 ◦C according to CCSM, but only
by 2.5 ◦C to 3.5 ◦C according to ECHAM. Yet, although summer soil temperatures would
increase the most under CCSM, weathering rates do not follow suite as expected. The effect
of the increase in summer soil temperatures on weathering is only significant under the
ECHAM scenario, with a substantial slope of the linear regression between the increase
in weathering rate and that in soil temperature of 8%·◦C−1, but still with a wide spread
reflected in the low R2 of 0.06. Under CCSM, the correlation between soil temperature
change and the change in weathering is not significant.

Figure 6. Differences in summer soil temperatures and weathering rates according to (A)—CCSM
climate projections and (B)—ECHAM climate projections.

The change in summer soil moisture is substantial with an average of −7.6% (σ = 1.9%)
under CCSM and −5.6% (σ = 1.4) under ECHAM compared to the no climate change sce-
nario. The change in summer soil moisture is stronger and more consistent than the change
in summer precipitation, which shows a reduction by an average of −5.9% (σ = 8.2%) under
CCSM and an average of 1.1% (σ = 7.8%) under ECHAM.
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The change in summer weathering correlates significantly to the change in summer
soil moisture, with higher increases in weathering corresponding to lower soil moisture
reductions (Figure 7).

Figure 7. Correlation between the change in weathering rates and the change in soil temperature and
moisture for the summer season over the period 2070–2100.

3.4. Change in Weathering during the Winter Season

There are clearer regional differences in the change of winter soil temperatures under
both scenarios, with a higher increase in the southern half of Sweden (Figure 8). Winter soil
temperatures will be up to 2.5 ◦C higher under CCSM as compared to the base scenario, and
as high as 4 ◦C under ECHAM (Figure 8). The geographical pattern of winter temperature
increase is also more clearly reflected in the change of weathering rates as compared to the
annual and summer changes shown above (Figures 4 and 6). Weathering is expected to
increase more strongly following a north to south gradient, and more so under the ECHAM
climate scenario (Figure 8).

Under both scenarios, the change in weathering rates correlates significantly and
strongly to the change in soil temperature (Figure 9). At the same time, the change in winter
soil moisture, from −0.5% to +0.5%, indicates no or marginal further water constrain on
weathering under the two climate scenarios.
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Figure 8. Changes in winter soil temperature and weathering rates under: (A)—CCSM climate and
(B)—ECHAM climate.

Figure 9. Correlations between the change in winter weathering rates and soil temperature and
moisture under CCSM (top row) and ECHAM (bottom row) climate projections.
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4. Discussion

The annual weathering rates calculated by ForSAFE are well within the range pre-
sented in Akselsson et al. [46], which compiles weathering rates calculated by seven
different methods on comparable soils in Sweden. The current annual average weath-
ering calculated in this study, at 0.35 keq·ha−1·year−1, is similar to an earlier estimate
at 0.33 keq·ha−1·year−1 using the steady state model PROFILE [19]. The PROFILE and
ForSAFE models use the same weathering kinetics, but differ fundamentally in how other
processes are described. While all fluxes other than weathering (uptake, decomposition
and mineralization, percolation, soil moisture content, cation exchange) are dictated based
on empirical data in PROFILE, they are all endogenously simulated in ForSAFE, making
the latter fully dynamic. In this respect, basing this study on the ForSAFE model differs
also from other modelling exercises using model cascades [24–26,47]. We showcase here
the feasibility of fully dynamically simulating temporal changes in mineral weathering in
response to changes in several simultaneous environmental factors. While the predicted re-
sponses cannot be taken precisely, they help identify constraints regulating weathering, and
thereby the extent to which the latter can be expected to contribute to different ecosystem
services including tree nutrition [48] and runoff water quality [27].

The results of this study confirm earlier conclusions about the importance of hydrology
in regulating mineral weathering [19,23,25,49]. Here, we also show that seasonal variations
in soil moisture are imperative in regulating the role of hydrology in the weathering
process. Therefore, while this study increases confidence in current estimates of weathering
rates [19,46,50], it also stresses the need to move beyond static or steady state models
to provide more credible estimates in a changing future. If considered on an annual
basis, the climate scenarios used in this study would not indicate that moisture could be
a limiting factor for weathering, as none of the two models predict a decline in annual
precipitation. This picture is fundamentally different when looking at seasonal precipitation
and temperature patterns. Lower summer precipitation in the future, combined with higher
temperatures, exacerbates the reduction of soil moisture, thereby significantly limiting the
potential effect of higher temperatures on weathering. This interplay blurs any expected
geographical patterns in the response of weathering rates to warming alone (see Figure 6).

The seasonal aspect demonstrated in this study may have direct implications on the
provision of base cations necessary for forest growth. Weathering is central for the long
term provision of base cations in boreal forest soils [51–53], with uptake predominantly
active during the growing season. If weathering rates fail to keep up with uptake during
this time window of the year, the observed [54,55] and foreseen [11,19] deterioration in
tree nutrition may become worse. Moreover, the importance of seasonality illustrated in
this study brings with it an additional methodological aspect. The response of weathering
is steered alternatively by the most constraining environmental factor, which changes
temporally. Beyond interannual patterns [27], we show in this study that the response
of mineral weathering to changes in climate varies considerably within the year, with a
clearer dependence on temperature change in winter when water is not limiting, and vice
versa. In line with Kronnäs et al. [49], this study strongly indicates that the hierarchy of
weathering controls needs to be addressed dynamically, particularly given the prevalent
uncertainty in climate projections [56,57]. We do not question the role of statistical and
steady state methods to estimate current weathering rates, but instead stress the idea that
studies involving future projections need to account for seasonal variations.

The reliability of integrated modelling tools able to estimate mineral weathering [32,33,49]
remains dependent on the quality of the input data. In the present study, we used a
generalized national database stipulating that 14 different minerals are potentially present
at any site in the country. This assumption was tested by Casetou-Gustafson et al. [58], who
compared weathering rates generated from the generalized mineralogy database against
rates from measurements of mineral occurrence. They concluded that the two approaches
gave similar overall weathering rates, but that the weathering rates of specific minerals
revealed possible shortcomings that could affect the results of generalized studies such
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as this one. Casetou-Gustafson et al. [58] thus argue for the need to improve site specific
information on mineral occurrence and stoichiometry to reduce uncertainties in weathering
estimations.

Nevertheless, the generalizations necessary for a national scale study such as this
one were not found to cause any marked diversion in weathering estimates compared to
other studies (see above). Additionally, while we reservedly express confidence in the
model estimates, it is important to see the associated uncertainties in the broader context of
ongoing change in climate and forestry intensification. Regional and national scale studies
such as this one are necessary to help guide a strategic sector such as forestry in Sweden,
by providing an early warning instrument to check expectations about sustained forest
health and continued growth into the future.

5. Conclusions

The results of this study clearly show the importance of considering soil hydrology
and seasonality when estimating the future response of weathering rates to changes in
climate. To sustain forest health and growth as well as the supply of base cations to
runoff and surface waters, the interplay between different processes (weathering, uptake,
runoff) needs to happen in a timely manner. The study shows that the expected increase
in weathering in response to climate warming will be weakest in the summer, when the
biochemical cycle is most active. This constraint is dictated by lower water availability
resulting from lower precipitation and higher temperatures during summers as forecast
by two climate models. These results compel two main conclusions: 1—that estimates
of possible gains in weathering as a result of the expected higher temperature have to be
conservative and take into account the interplay with moisture, and 2—that more dynamic
tools are needed to meet the requirements of this interplay by accommodating feedback
mechanisms and higher temporal resolution.
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