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1. Introduction 

Precipitation is a critical driver of ecosystem function, influencing water availability, plant 
productivity and nutrient cycling. However, anthropogenic climate change is disrupting global 
precipitation patterns, leading to more frequent and severe droughts, as well as extreme 
precipitation events (Sun et al., 2007). The availability - or scarcity - of water is expected to 
become one of the major factors limiting the health and stability of forests in the future 
(Allen et al., 2010, 2015; Hartmann et al., 2022). These climatic shifts can increase tree 
mortality (Hammond et al., 2022; Patacca et al., 2022), altering inputs of plant material to 
soils through changes in leaf litter and coarse woody debris (Curiel Yuste et al., 2019; García-
Angulo et al., 2020) , while also affecting the distribution and diversity of soil dwelling 
organisms as well as their trophic interactions (Dooley & Treseder, 2012; Pressler et al., 
2019; Sánchez-Moreno & Curiel Yuste, 2022; Z. Zhou et al., 2020). As a result, changes in 
precipitation have the potential to alter both the physical and chemical properties of forest 
soils, ultimately impacting soil ecosystem functioning (Curiel Yuste et al., 2011). These shifts 
are particularly concerning for Europe, where forests play a vital role in carbon sequestration, 
biodiversity support, and climate adaptation. Understanding how changes in precipitation 
affect forest ecosystems is essential for informing management strategies aligned with EU 
climate objectives. 
 

https://paperpile.com/c/pVDpey/fu629
https://paperpile.com/c/pVDpey/p40S7+1SsBf+EcEPI
https://paperpile.com/c/pVDpey/oBK22+HE9b
https://paperpile.com/c/pVDpey/kBjw+7nL7
https://paperpile.com/c/pVDpey/kBjw+7nL7
https://paperpile.com/c/pVDpey/75cOW+v5Lyd+24Qob+x9pb
https://paperpile.com/c/pVDpey/75cOW+v5Lyd+24Qob+x9pb
https://paperpile.com/c/pVDpey/7VrS
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Soils represent the world's largest terrestrial carbon (C) pool (Le Quéré et al., 2016) and as 
such even small changes in soil C emissions can lead to significant changes in atmospheric 
CO2 content. In forests, soil carbon pools are directly impacted by inputs from vegetation net 
primary productivity (NPP), which occurs in the form of leaf and fine root litter and dead 
wood, both of which are dependent on stable precipitation regimes. Under drought 
conditions, reduced productivity can lead to diminished inputs from leaf litter which could, in 
the long term, reduce soil carbon pools (Curiel Yuste et al., 2019; García-Angulo et al., 2020). 
Such changes threaten to shift soils from carbon sinks to potential carbon sources under 
future climate change. 
 
Similar to the impacts of precipitation change on soil carbon dynamics, precipitation change 
can impact soil nitrogen dynamics both directly and indirectly. Soil nitrogen dynamics 
depend on the processes of N2 fixation, nitrification and denitrification, nitrogen 
mineralisation and immobilisation as uptake of nitrogen by plants all of which can be 
impacted by changing precipitation. For example, both nitrification and nitrogen 
mineralisation appear to be slightly reduced in forest ecosystems under drought conditions, 
although impacts are highly variable (Deng et al., 2021). As with soil carbon, the reductions in 
inputs from plant litter and roots under drought reduces inputs of nitrogen into the soil (Wu 
et al., 2022). Under the same conditions, reductions in root biomass caused by a lack of 
water and access to nutrients, can result in a reduced uptake of nitrogen leading to an 
accumulation of dissolved organic nitrogen (Deng et al., 2021). Taking into account all of 
these changes, it appears that overall, total soil nitrogen tends to increase under drought 
conditions (Deng et al., 2021; Wu et al., 2022) 
 
While we have outlined general patterns of soil carbon and nitrogen responses to 
precipitation change, the responses of European forests are likely to be highly 
heterogeneous. This stems from the differences in functioning between forests, caused by 
the range of soil types and dominant forest species, the large amount of small-scale 
heterogeneity of forest soils properties and responses to climatic fluctuations and the large 
climatic gradients and particularly precipitation gradients at which they are exposed. Thus, to 
gain a better picture of the vulnerability of soils to precipitation changes in Europe, here we 
aim to identify the forest regions at greatest risk to changes in both soil carbon and nitrogen 
and to provide insights for management and climate adaptation strategies. 
  

https://paperpile.com/c/pVDpey/Tet4v
https://paperpile.com/c/pVDpey/kBjw+7nL7
https://paperpile.com/c/pVDpey/Hvd2F
https://paperpile.com/c/pVDpey/kzKdr
https://paperpile.com/c/pVDpey/kzKdr
https://paperpile.com/c/pVDpey/Hvd2F
https://paperpile.com/c/pVDpey/kzKdr+Hvd2F
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1.1. Which regions have the highest forest soil carbon and nitrogen stocks? 
 

 
Figure 1 - Spatial distribution of current forest soil carbon (a) and nitrogen (c) stocks in Europe and 
histograms of soil carbon (b) and nitrogen (d). In (a) and (c) the colour scales refer to soil carbon and 
nitrogen stocks respectively to a depth of 30 cm. 
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Figure 2 - Stocks of soil (including peat soils) (a) carbon and (b) nitrogen for the different forest 
biomes in Europe. Bars represent the mean stocks for each biome and the error bars represent the 
one standard deviation. 
 
Topsoil forest carbon stocks (0-30 cm depth) show a general pattern of being lower in parts 
of northern Europe, with higher stocks in central and southern Europe (Figure 1a). Mean 
forest topsoil carbon stocks are 3.23 kg per m2 (Figure 1b). This latitudinal difference 
appears to be even more pronounced for forest topsoil nitrogen stocks, with relatively low 
stocks in northern Europe and increased stocks at lower latitudes (Figure 1c). Mean forest 
topsoil nitrogen stocks are 0.19 kg per m2 (Figure 1d). Focusing on the biome-scale, carbon 
stocks in the topsoil are highest in temperate coniferous forests and Mediterranean forests 
(Figure 2a, mean=3.51 kg per m2 for both biomes), while carbon stock for temperate 
broadleaf forests were slightly lower (mean=3.28 kg per m2), with boreal forests showing the 
lowest topsoil carbon stocks (mean=2.71 kg per m2). This qualitative pattern was the same 
for topsoil nitrogen, with highest stocks in temperate coniferous forests and Mediterranean 
forests (Figure 2b, mean=0.22 and 0.23 kg per m2 respectively), slightly lower stocks for 
temperate broadleaf forests (mean=0.20 kg per m2), and the lowest stocks for boreal forests 
(mean=0.14 kg per m2). 
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1.2. What are changes in temperature and precipitation likely to be in 
different biomes? 

 

 
Figure 3 - Projected changes in (a) mean annual temperature and (b) mean annual precipitation for 
different forest biomes in Europe under four different shared socioeconomic pathway climate 
scenarios for the period 2021-2040. The bars represent the mean change under the four scenarios 
with the error bars representing the high and low values for the different scenarios. The values were 
taken from projections by the ESM2 climate model. 
 
Changes in temperature in 2021-2040, compared to 1970-2000, are expected to be highest in 
temperate conifer forests), followed by Mediterranean forests, temperate broadleaf and 
mixed forests, and boreal forests (Figure 3a). Reductions in precipitation are expected to be 
most extreme in Mediterranean forests, followed by temperate conifer forests and temperate 
broadleaf and mixed forest, while precipitation is expected to (Figure 3b). These changes are 
equivalent to a mean reduction of 9.2 % in annual precipitation for Mediterranean forests and 
4.1 % and 3.4 % reductions for temperate broadleaf forests and temperate conifer forests 
respectively, while in boreal forests there is expected to be a 1.3 % increase in annual 
precipitation.  
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2. Methods 
 
In our study, rather than using observational data from primary studies, we used data from 
experiments of precipitation change previously compiled by meta-analyses. These meta-
analyses were identified as part of an umbrella review for Deliverable 5.1, and a detailed 
methodology for this can be found in Martin et al (2022). For the work we describe here we 
focussed on the impacts of precipitation change on the total soil carbon pool and total soil 
nitrogen pool of the first 30cm of the soil profile (excluding the O horizon) because these 
were widely studied, and we considered them to be priority topics due to their relevance for 
climate change and forest health. 
 

2.1. Analysis of soil carbon stock changes under drought 
 

To assess how drought conditions might impact forest soil carbon, we compiled data from 
the meta-analyses of Zhou et al (2016), Deng et al (2021), and Wang et al (2021). The 
resulting dataset included information on each primary study, the location of studies, the 
magnitude of precipitation reduction (expressed as a percentage decrease in annual 
precipitation), the effect of precipitation change (measured as the log response ratio effect 
size; (Hedges et al., 1999)), and the variance of this effect size. Since the focus of this work 
was on European forests, we limited our selection to studies in boreal, temperate, or 
Mediterranean forest, resulting in 43 data points from 11 experimental study sites. 
 
To explore how differences in climate might alter the impact of droughts at sites, we 
augmented our dataset with information on mean annual temperature and mean annual 
precipitation from the worldclim dataset (Fick & Hijmans, 2017), data on aridity (Zomer et al., 
2022), and data on the different forest biomes represented by each site. We used these 
combined data to run a series of analyses, testing the impacts on soil carbon changes of (i) 
the magnitude of changes in precipitation, (ii) the mean annual temperature of sites, (iii) the 
mean annual precipitation of sites, (iv) the aridity of sites, (v) interactions between the 
magnitude of precipitation change and the climatic variables. To do this we used the R 
package metafor (Viechtbauer, 2010) to run a series of multilevel metaregression models, 
using random effects to account for the non-independence of effect sizes taken from the 
same primary study (Nakagawa et al., 2023). We selected the ‘best’ model by identifying the 
model with the lowest Akaike Information Criterion  AICc value (Burnham & Anderson, 2002; 
Cinar et al., 2021), which is an estimator of prediction error and thereby relative quality of 
statistical models for a given set of data. This process resulted in a model including only 
mean annual temperature being selected, which indicated that as annual temperature 
increased, carbon pools were reduced (slope = -0.02, se = 0.01, p = 0.002), but that at mean 
annual temperatures of below 7 degrees Celsius, carbon could be expected to increase 
during drought (Figure 4a). 
 

https://paperpile.com/c/pVDpey/SXkN/?noauthor=1
https://paperpile.com/c/pVDpey/NQYAy/?noauthor=1
https://paperpile.com/c/pVDpey/Hvd2F/?noauthor=1
https://paperpile.com/c/pVDpey/Oj24V/?noauthor=1
https://paperpile.com/c/pVDpey/hJtf1
https://paperpile.com/c/pVDpey/tyNz3
https://paperpile.com/c/pVDpey/HoIHN
https://paperpile.com/c/pVDpey/HoIHN
https://paperpile.com/c/pVDpey/yOib0
https://paperpile.com/c/pVDpey/sflq
https://paperpile.com/c/pVDpey/FH4U3+KxXnt
https://paperpile.com/c/pVDpey/FH4U3+KxXnt
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Figure 4 - Impact of (a) drought on changes in soil carbon in forests as a function of the mean annual 
temperature of the location and of (b) precipitation change on changes in soil nitrogen in forests as a 
function of change in mean annual precipitation. Differences in point sizes represents the weight that 
each data point supplies to the analysis. The solid line represents the predicted change in soil carbon 
as, with the dark band around it representing the 95 % confidence intervals, and the lighter band the 95 
% prediction intervals. The dashed line represents no change in soil carbon. 

2.2. Analysis of soil nitrogen changes 
 
For our analysis on forest soil nitrogen, we used the analyses of Wu et al (2022) to generate 
predictions about how the magnitude of precipitation change would impact soil nitrogen. 
Their analyses indicated a negative relationship between precipitation change and soil 
nitrogen pools, such that under reductions in precipitation soil nitrogen pools were enhanced, 
while increased precipitation led to reductions in nitrogen pools (Figure 4b, intercept = -0.01, 
slope = -0.005, p < 0.001, n = 187). 
 

2.3. Mapping integration 
 
To generate soil carbon and nitrogen maps for European forests, soil observations from 
multiple locations in Europe were analysed in relation to a set of environmental covariates. 
These observations were split in 10 equal folds for cross-validation. Model tuning was 
conducted using a 10-fold cross-validation procedure applied to multiple combinations of 
hyper-parameters. Random Forests (Breiman, 2001), were used as the modelling technique, 
using the ranger package (Wright & Ziegler, 2017), with the option quantreg to build Quantile 
Random Forests (QRF) (Meinshausen, 2006) for spatial uncertainty assessment. With QRF, 
predictions generate a cumulative probability distribution of the soil property at each 
location, rather than a single average value from the ensemble of decision trees.   
 
Models were trained with different combinations of the number of decision trees (ntree 
parameter) and numbers of covariates (mtry parameter). Each of the resulting combinations 

https://paperpile.com/c/pVDpey/kzKdr/?noauthor=1
https://paperpile.com/c/pVDpey/CT3O
https://paperpile.com/c/pVDpey/6Naq
https://paperpile.com/c/pVDpey/vPiO
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of ntree and mtry parameters was used to train a different model with observations from 
nine folds. Predictions were then assessed on the remaining fold using root mean squared 
error (RMSE) and model efficiency coefficient (MEC, Janssen & Heuberger, 1995). The model 
evaluation was based on the performance metrics of the selected hyper-parameters 
combination. The final model was fitted with all available observations, the covariates and 
the hyperparameters selected in the previous steps.  
 
The covariates used were: (i) Sentinel 2 composites, (ii) Elevation from sea level (m), (iii) 
Slope as the steepest slope angle, calculated using the D8 method (O’Callaghan & Mark, 
1984), (iv) Topographic wetness index (Sørensen et al., 2006)defined as the ln(a/tan(b)); (v) 
Multi-resolution Valley Bottom Flatness (MRVBF) index (Gallant & Dowling, 2003), and (vi) 
Climate data derived from ERA5. ERA5 is the fifth generation ECMWF atmospheric reanalysis 
of the global climate. Reanalysis combines model data with observations from across the 
world into a globally complete and consistent dataset. ERA5 provides aggregated values for 
each month for the following ERA5 climate reanalysis parameters: temperature_2m, total 
precipitation, runoff, total evaporation, surface net solar radiation. Monthly total precipitation 
values are given as monthly sums. All other parameters are provided as monthly averages. 
The organic layer was not included in the modelling because of the lack of available 
observations and the inconsistency of recording across countries and classification 
systems. We are aware that this impacts the stocks and their vulnerability, as it is a potential 
large pool of carbon, especially in boreal and temperate forest (Grüneberg et al., 2014), also 
potentially more affected by drought-induced changes in litter inputs and decomposition 
rates, in particular.  
 
The resulting carbon and nitrogen stocks were used as input in the equations provided in 
sections 2.1 and 2.2. To project changes in temperature and precipitation under future 
conditions, we used climate scenarios derived from WorldClim data (Fick & Hijmans, 2017), 
specifically from the ESM2 model. These scenarios followed the Shared Socio-economic 
Pathways (SSPs): SSP1-2.6, SSP2-4.5, SSP3-7.0 and SSP5-8.5. The SSPs represent different 
potential pathways for global development, each of which is associated with differing 
greenhouse gas emissions, ranging from low emissions (SSP1-2.6), moderate emissions 
(SSP2-4.5) to high or very high emissions (SSP3-7.0 and SSP5-8.5). Figures were produced in 
R (R Core Team, 2021) using the packages ggplot2 (Wickham, 2016) and terra (Moraga, 
2023). 

2.4. Biome-level statistics 
The biomes maps were derived from Dinerstein et al (2017) and reprojected to ETRS89-
extended / LAEA Europe projection (Annoni, A., Luzet, C., Gubler, E., & Ihde, J, n.d.). The data 
on current and future climate as well as the consequences of these changes on soil carbon 
and nitrogen stocks were summarised for each biome using the following statistics: mean, 
standard deviation, median, and interquartile range. 

  

https://paperpile.com/c/pVDpey/UjyQ/?prefix=MEC%2C%20
https://paperpile.com/c/pVDpey/fiwS
https://paperpile.com/c/pVDpey/fiwS
https://paperpile.com/c/pVDpey/jYES
https://paperpile.com/c/pVDpey/3pwe
https://paperpile.com/c/pVDpey/Lr49
https://paperpile.com/c/pVDpey/tyNz3
https://paperpile.com/c/pVDpey/5hfm
https://paperpile.com/c/pVDpey/Q7hf
https://paperpile.com/c/pVDpey/B9ch
https://paperpile.com/c/pVDpey/B9ch
https://paperpile.com/c/pVDpey/9LUzT/?noauthor=1
https://paperpile.com/c/pVDpey/LWiJy
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3. Results  
 

3.1. Where is soil C most vulnerable to drought? 
 
 

 
Figure 5 - Changes in forest soil carbon under drought conditions under business-as-usual projection 
(ssp245) for 2021-2040. Panel (a) represents the geographic distribution of raw changes in C stocks, 
(b) the statistical distribution of raw changes in C stocks, (c) the geographic distribution of percentage 
changes in C stocks, (d) the statistical distribution of percentage changes in C stocks. 
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Figure 6 - Changes in forest soil carbon under drought conditions under the extreme climate change 
projection (ssp 585) for 2021-2040. Panel (a) represents the geographic distribution of raw changes in 
C stocks, (b) the statistical distribution of raw changes in C stocks, (c) the geographic distribution of 
percentage changes in C stocks, (d) the statistical distribution of percentage changes in C stocks. 
 
 
The pattern of drought impacts on forest topsoil carbon showed a gradient from north to 
south, with increases in carbon in the north and reductions in the south (Figure 5a, 5c, 6a, 
6c). The net impacts of drought on forest soil carbon stocks in Europe was negative for all 
scenarios with a median reduction of 0.13 kg per m2 (interquartile range (IQR) = 0.40) under 
scenario ssp 126, a reduction of 0.12 kg per m2 (IQR = 0.40) under scenario ssp 245 (Figure 
5a), a reduction of 0.14 kg per m2 (IQR = 0.41) under scenario ssp 370, and a reduction of 
0.14 kg per m2 (IQR = 0.42) under scenario ssp 585 (Figure 6a). Regarding relative changes in 
carbon stocks, net changes were slightly negative, with a median reduction of 3.94 % under 
ssp 126 and reductions of 3.80 %, 4.30 %, and 4.38 % for scenarios ssp 245 (Figure 5d), ssp 
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370, and ssp 585 (Figure 6d) respectively. Under ssp 126, 1963199 km2 of forest showed 
reduced soil carbon stocks, while reductions were seen in 1968976 km2, 1990911 km2, and 
1978482 km2 of forest under ssp 245, ssp 370, and ssp 585 respectively. On the other hand, 
under ssp 126, 1034016 km2 of forest showed increased soil carbon stocks, while increases 
were seen in 1028239 km2, 1006304 km2, and 1018733 km2 of forest under ssp 245, ssp 370, 
and ssp 585 respectively. 

3.2. Where is soil N most vulnerable to precipitation changes?   
 

 
Figure 7 - Changes in forest soil nitrogen under precipitation change the business-as-usual climate 
scenario (ssp245) for 2021-2040. Panel (a) represents the geographic distribution of raw changes in N 
stocks, (b) the statistical distribution of raw changes in N stocks, (c) the geographic distribution of 
percentage changes in N stocks, (d) the statistical distribution of percentage changes in N stocks. 
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Figure 8 - Changes in forest soil nitrogen under precipitation change the extreme climate change 
scenario (ssp585) for 2021-2040. Panel (a) represents the geographic distribution of raw changes in N 
stocks, (b) the statistical distribution of raw changes in N stocks, (c) the geographic distribution of 
percentage changes in N stocks, (d) the statistical distribution of percentage changes in N stocks. 
 
The impacts of precipitation change on forest soil nitrogen stocks in Europe were, on 
average, extremely small, for all scenarios (Figures 7 and 8) with a median increase of 
<0.001 kg per m2 for all scenarios. Regarding relative changes in nitrogen stocks, net 
changes varied between slightly positive and slightly negative, with the largest increases 
seen under extreme climate change (0.01 %, Figure 8d) and the largest decreases seen under 
a business as usual scenario (-0.01 %, Figure 7d). Under ssp 126, 1500544 km2 of forest 
showed reduced soil nitrogen stocks, while reductions were seen in 1710574 km2, 1580881 
km2, and 1113677 km2 of forest under ssp 245, ssp 370, and ssp 585 respectively. On the 
other hand, under ssp 126, 1500981 km2 of forest showed increased soil nitrogen stocks, 
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while increases were seen in 1290951 km2, 1420644 km2, and 1887848 km2 of forest under 
ssp 245, ssp 370, and ssp 585 respectively. 
 

 
4. Discussion 

 
Our results suggest that in the short to medium term, boreal forest soils could act as a net 
carbon sink under intense drought conditions (Figures 4, 5 and 6). In colder regions of 
Europe, soil CO2 emissions are expected to be very sensitive to drought (Deng et al. 2021, 
Zhou et al. 2021) and the expected reduction in emissions from drought seems to be more 
pronounced than any decrease in belowground net primary production (Kljun et al., 2006). 
This implies that carbon inputs to the soil from plant net primary production (NPP) will be 
less affected by drought than soil carbon emissions, resulting in net carbon accumulation in 
boreal forest soils.  

Overall, our results suggest that the different fluxes responsible for the observed trends of 
soil C sequestration (NPP and decomposition) may have very different responses to 
experimental decreases in water availability. For instance, in ecosystems typically adapted to 
high moisture conditions, the observed gain in soil C suggested that outgoing fluxes, from 
microbial decomposition might be more affected by drought than incoming fluxes, from 
plant biomass production (NPP) (Tupek et al. 2024). Since most microbes are aquatic life 
forms, we expect soil microbial communities to be highly sensitive to climate change-
induced changes in water (e.g. Curiel Yuste et al., 2007) and thus drought resulted in a 
marked decrease in microbial activity and associated CO2 emissions. By contrast, net 
primary production could be, at least in the short to medium term, relatively resilient to 
drought because, unlike microbial communities, which concentrate their biomass in the 
upper layers of soils (Schmitt & Glaser, 2011),  tree roots can access deeper soil layers where 
water is still available. It may also be that, independently of the direct effects of drought on 
decomposition, the increase in litter production associated with the drought-induced 
increase in tree defoliation may be behind the increase in soil carbon in colder areas of the 
continent (Curiel Yuste et al. 2019). 

In contrast, in warmer regions of Europe, microbial communities are adapted to drought 
conditions because of regular seasonal droughts (Curiel Yuste et al. 2011, 2014). As a result, 
and regardless of the effect of drought over forest NPP, drought is expected to have a 
relatively modest effect on heterotrophic respiration, meaning that microbial CO2 emissions 
may not decrease substantially.  However, in regions where soil carbon and primary 
production are generally limited by water, increased drought could lead to rapid, negative 
effects even (Pilli et al., 2022). Thus, emissions may exceed the forest system’s capacity to 
act as a carbon sink, resulting in net losses of C. 

This makes soil carbon stocks in Mediterranean forests much more vulnerable, in both 
absolute and relative terms, to changes in precipitation patterns associated with climate 
change, at least in the short and medium term. This result may be counterintuitive, since we 
know that boreal soils are expected to be more vulnerable in relation to climate change 

https://paperpile.com/c/pVDpey/VqqY
https://paperpile.com/c/pVDpey/UCXH/?prefix=e.g.%20
https://paperpile.com/c/pVDpey/bb0p
https://paperpile.com/c/pVDpey/csYZ
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scenarios. However, it suggests that it is in warmer areas that relative soil carbon losses 
may lead to critical scenarios of carbon losses in which their functioning could be limited, 
especially when it comes to sustaining the production and resilience of a forest. That is, our 
results suggest that Mediterranean forest soils will be less capable of sustaining a forest in 
the future, which is being supported by recent studies showing the enormous vulnerability of 
Mediterranean forests to climate change compared to temperate or boreal forests (e.g. 
Carnicer et al. 2011, Ballesteros et al. 2023). 

With nitrogen, on the contrary, we observed an opposite continental trend, although less 
marked than that observed for soil carbon (Figs 7 and 8), i.e. under drought scenarios, nitrogen 
tends to accumulate in forest soils from warmer and drier areas. In boreal forest soils, where 
an increase in drought is expected to affect heterotrophic activity more than net primary 
productivity, resulting in a net accumulation of soil carbon (Figs 5 and 6), it is very likely that 
the scarce soil nitrogen is immobilised in plant biomass, since net primary production in boreal 
forests is strongly limited by nitrogen (Näsholm et al., 1998). This decrease in soil nitrogen 
may, in turn, be partially involved in the observed soil carbon accumulation since the 
decomposition of organic matter by microorganisms is also strongly limited by nitrogen 
(Averill & Waring, 2018). That is to say, the accumulation of carbon and the decrease in 
nitrogen under drier scenarios in boreal forests may result from: (1) the greater sensitivity to 
changes in soil moisture of boreal heterotrophic communities with respect to the plant 
stratum. This limits the mineralizing activity of heterotrophs more than the production of 
biomass; and (2) the immobilisation of scarce nitrogen in plant biomass, which will also limit 
the capacity of microbial communities to decompose organic matter, hence facilitating soil C 
accumulation. 
 
In forests in warmer Mediterranean areas, on the contrary, we find an opposite pattern of 
nitrogen accumulation in soils in scenarios of greater drought. Accumulation of mineral 
nitrogen has been observed in scenarios of loss of forest vigour associated with climate 
change (García-Angulo et al. 2020). These drought conditions do not affect the heterotrophic 
communities responsible for nitrification as much as the capacity of the plant to absorb 
mineral nitrogen. Mineralized N under Prec–treatments may not be fully absorbed by water-
stressed plants due to reduced soil moisture availability (Dijkstra et al., 2015; Weltzin et al., 
2003), resulting in the observed increases in soil N storage (Bista et al., 2018). Consistent with 
other studies, we found increased amounts of IN associated with Prec– (Evans & Burke, 2013; 
Yahdjian et al., 2006). This accumulation of nitrogen in forest from warmer areas during dry 
periods, on the other hand, can also have enormous consequences on N2O emissions, since 
this accumulation of N in mineral forms during droughts can, in climate change scenarios, be 
easy fuel for denitrifying communities during the more intense rains that are expected to 
accompany extreme droughts. 
 

5. Conclusions 
 
Our study focuses on the soils of the southernmost forest ecosystems on the continent, as 
those where the effects of increased droughts associated with climate change may be most 
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pronounced. In the short and medium term, which was the time scale on which the 
experiments that support these results were developed, we expect that these southernmost 
forests will suffer both quantitative and percentage carbon losses of enormous magnitude. 
Since carbon sequestration is directly related to the capacity of a soil to sustain biodiversity, 
provide nutrients to plants or retain water for consumption, these losses of soil carbon can 
substantially compromise its capacity to sustain the functions necessary for forest growth 
and resilience. The accumulation of nitrogen in Mediterranean forests, nitrogen that is not 
absorbed by vegetation due to lack of water and loss of plant vigour, can also increase the 
risk of nitrogen leaching in aquifers and its emissions in the form of N2O during episodes of 
intense rainfall also associated with climate change. Although the interpretation of these 
trends based on experimental data has certain limitations regarding their time scale, this 
study focuses on the southernmost forests as those where intervention is possibly most 
urgent. Furthermore, the observed trends are in full agreement with independently observed 
trends in forest health, which suggest the Mediterranean basin as a major focus of forest 
health loss. 
 
 
6. Recommendations 

 
Given the enormous biodiversity of the Mediterranean forest, which is the European 
southernmost forest and our border in our fight against desertification and climate change, 
policies for the conservation of these forests and their soil should be strengthened. Policies 
should be tailored to adapt Mediterranean forest soils to the urgent needs and enormous 
vulnerability to the increasing accentuation of drought episodes in the south of the continent. 
Therefore, in order to improve soil conservation, it is urgent to apply measures tailored to 
adapt soils to the climate changes we are facing, focused on: (1) improving the conservation 
of native species and native forests, or failing that, assisting the migration of forest species 
better adapted to the climatic context we are facing; (2) improving the growth conditions of 
both the overstorey and the understorey, which also contributes substantially to carbon 
sequestration in the soil, especially in the Mediterranean (e.g. Gazol et al., 2021); (3) 
conserving and/or improving the physical properties of the soil is key to optimize the 
infiltration and availability of water  and the diffusion of essential nutrients for plant growth 
(Robinson et al., 2019). This should be done through management strategies oriented to 
avoid compaction and losses of soil, e.g. minimizing the use of heavy machinery or 
maintaining a continuous cover to avoid erosion . ; and (4) promoting the conservation of soil 
biodiversity as the best nature-based solution to sustain carbon sequestration and the 
functions that make soil an essential part for the sustainability of forest health and 
productivity (Deckmyn et al., 2020).   
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