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Abstract
Key message In mixed combinations, the negative impact of water reduction and N addition is mitigated for F. syl-
vatica, but not for conifers.
Insight into the responses of trees in mixed and monospecific cultivation to water scarcity and nitrogen (N) excess is necessary 
to recommend suitable tree mixtures for future European forests. Our aim was to investigate the impact of water reduction, 
N addition or water reduction + N addition in comparison with control (well-watered, no excess N) on mycorrhizal roots 
and biomass of three temperate forest species (Fagus sylvatica Fs, Picea abies Pa, and Pseudotsuga menziesii Pm) grown 
in monospecific (FsFs, PaPa, PmPm) and mixed combinations (PaFs, PmFs). We predicted the probability of the responses 
with a Bayesian approach. Mycorrhizal colonization declined marginally for P. menziesii in PmFs under water reduction. 
Under water reduction and N addition combined, we found a decline in root tip vitality of F. sylvatica in PaFs and of P. abies 
in PaPa. F. sylvatica shoot biomass declined under water reduction + N addition in the monospecific combination. P. abies 
and P. menziesii had lower root biomass in mixture with F. sylvatica under water reduction + N addition and under water 
reduction as single factor, respectively. With water reduction and N addition, P. menziesii performed better than P. abies in 
terms of biomass production. F. sylvatica had a growth advantage in mixture with conifers instead of conspecifics. These 
findings suggest that young trees show rapid and interspecific responses to species mixing and water + N availability. The 
selection of suitable tree species should, therefore, consider their interactive responses to changing abiotic factors.

Keywords Ectomycorrhiza · Forest trees · Plant competition · Abiotic stress · Bayesian statistics · Root traits

Introduction

In many areas of the globe, the occurrence of drought events 
and nitrogen (N) deposition are expected to increase in the 
near future (Dai 2013; IPCC 2022; Janssens et al. 2020; 
Lamarque et al. 2013). Both phenomena can strongly impact 
soil water and nutrient availability (Galloway et al. 2008; Su 
et al. 2020; Zhang et al. 2020) as well as microbial processes 
(Anderegg et al. 2015; Erisman et al. 2013; Janssens et al. 
2020; Wu et al. 2019), with negative consequences on tree 
growth and forest health (IPCC 2022; Krejza et al. 2021). In 
Central Europe, the last decades saw a higher frequency of 
drought events, and climate models project a drier and hotter 
climate (Lindner et al. 2010; Schuldt et al. 2020). Addition-
ally, elevated N deposition cause soil acidification and leach-
ing of base cations, which impact forest tree nutrition and 
growth (De Vries et al. 2014; Eugster and Haeni 2013) and 
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increase their sensitivity to biotic and abiotic stress (Bobbink 
and Hettelingh 2011). However, the responses of trees to 
drought events combined with high N deposition, a scenario 
that forests are still experiencing in some areas of Europe, 
such as Northern Germany (Huang et al. 2016; Schaap et al. 
2018; Van der Graaf et al. 2021), are unknown.

The selection of suitable tree species, which combine 
tolerance to climate-change induced stress with productiv-
ity, plays a central role in forestry (Rukh et al. 2020). For 
example, in Central Europe, the admixture of the dominant 
native species, Fagus sylvatica with the non-native conifer 
species, Pseudotsuga menziesii, is considered a potential 
solution to deal with challenges imposed by climate change 
(Thurm and Pretzsch 2016). P. menziesii, a highly produc-
tive and relatively drought tolerant conifer species (Bréda 
et al. 2006; Eilmann and Rigling 2012), has been suggested 
as a valid substitution of the native conifer Picea abies in 
mixture with F. sylvatica (Cremer et al. 2016). Since the 
beginning of the twenty-first century, despite remaining the 
main timber supply in Central Europe (Brus et al. 2012), P. 
abies has experienced serious declines (Pretzsch et al. 2018). 
This phenomenon was due to large-scale dieback episodes, 
following extreme drought, wind throws and bark beetle out-
breaks (Bošeľa et al. 2021; Mezei et al. 2017), suggesting 
that P. abies is highly susceptible to climate change.

Therefore, attempts are underway to find more suitable 
tree species and species mixtures that can withstand stressful 
environmental conditions. Theoretical considerations (stress-
gradient hypothesis) suggest that positive interactions pre-
vail under abiotic stress in heterospecific mixtures because 
complementary effects are stronger when the environmental 
conditions are unfavourable (Bertness and Callaway 1994; 
Wang et al. 2013). Trees in mixed forests, typically charac-
terized by coniferous and broadleaf species, might be able 
to cope with and recover from stress imposed by climate 
change—in particular drought—better than trees in mono-
specific forests (Metz et al. 2016; Pardos et al. 2021). For 
instance, P. abies in mixture with F. sylvatica shows a higher 
survival probability under unfavourable climate conditions 
compared to monocultures (Neuner et al. 2015). P. menziesii 
in mixture with F. sylvatica had a shorter drought recovery 
time compared to pure stands (Thurm et al. 2016).

The effect of species identity of trees interacting in a 
forest on the belowground system is yet not well under-
stood. For instance, overyielding of root biomass in F. 
sylvatica—P. menziesii mixed stands was not found (Lwila 
et al. 2021, 2023) and mycorrhizal fungal abundances were 
decreased in P. menziesii pure and mixed stands with F. 
sylvatica compared to pure F. sylvatica stands (Likulunga 
et al. 2021). However, these responses are in contrast with 
those of Wambsganss et al. (2021); they found that trees in 
mixed stands show a general reduction in fine root biomass 
linked to morphological and chemical adaptations of fine 

root traits and higher mycorrhizal colonization rate, indicat-
ing a shift towards a faster foraging strategy. The roots of 
most temperate forest trees associate with ectomycorrhizal 
(ECM) fungi, which mediate tree nutrition and water sup-
ply (Nehls and Plassard 2018; Lehto and Zwiazek 2011). 
The colonization of roots by ECM fungi is easily visible, 
as the symbiotic fungi enwrap root tips with a hyphal man-
tle (Agerer 2001). The relative proportion of mycorrhizal 
root tips is scored as mycorrhizal colonization rate (Pena 
et al. 2017), indicating the intensity of the plant association 
with the fungal partners. The proportion of dry non-vital 
root tips, together with the mycorrhizal colonization rate, 
can be scored to gain insight into stress responses of trees 
(Danielsen and Polle 2014; Pena and Polle 2014; Pena et al. 
2017). Tree root mycorrhizal status is likely to be negatively 
impacted by water scarcity as well as N excess. In temperate 
forests, water shortage impairs the number of vital mycor-
rhizae (Nickel et al. 2018) and decreases host tree nutrition 
(Clausing et al. 2021b). Different tree species adopt differ-
ent strategies to cope with drought: according to Nikolova 
et al. (2020), the conifer P. abies relies strongly on myc-
orrhizal symbionts during drought, while the broadleaf F. 
sylvatica increases the production of non-mycorrhizal roots. 
Moreover, negative effects of N deposition on mycorrhizal 
associations have been reported for conifer forests (Kuyper 
and Suz 2023; Lilleskov et al. 2019; Nilsson and Wallander 
2003) but not for pure F. sylvatica forests (Clausing et al. 
2021a; Likulunga et  al. 2022). N addition can increase 
drought sensitivity of trees, impacting both tree growth and 
ECM colonization (Nilsen 1995); in F. sylvatica seedlings, 
drought treatment combined with N fertilization led to a 
reduction of root biomass (Dziedek et al. 2016). Drought 
treatment and N fertilization combined significantly reduced 
mycorrhizal colonization of P. abies (Nilsen et al. 1998). 
The effect of simulated N deposition combined with arti-
ficial precipitation reduction caused a strong reduction of 
mycorrhizal colonization of different Chinese tree species 
(Yan et al. 2019). These divergent results suggest that intra- 
and inter-specific interactions and belowground responses 
of trees are highly complex.

Additionally, whether the responses of mycorrhizal roots 
and tree biomass are mediated by the identity of the species 
interacting in a mixture, and more specifically if there is a 
difference between the native drought-sensitive P. abies and 
the non-native drought-tolerant P. menziesii, is unknown. To 
address this knowledge gap, we setup a pot experiment with 
juvenile trees of F. sylvatica, P. abies and P. menziesii with 
the aim of investigating the changes in mycorrhizal coloniza-
tion rate, root tip vitality, and tree biomass in monospecific 
and mixed combinations, experiencing different levels of 
water and N supply. In detail, we exposed the trees to either 
water reduction or N addition or both simultaneously, and 
we compared them with a control group (well-watered trees, 
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no N excess); we defined the application of water reduction, 
N addition or both as abiotic stress treatment, and the con-
trol conditions as favourable conditions. We then measured 
mycorrhizal colonization rate, root tip vitality index and tree 
biomass.

We hypothesised that (I) for all species and species com-
binations there is a higher probability of negative responses 
(decline of tree biomass, mycorrhizal colonization rate 
and root tip vitality index) under the scenario of combined 
water reduction and N addition in comparison with favour-
able conditions or application of single stress factors (water 
reduction or N addition), and that (II) the negative responses 
under abiotic stress are lower for trees in mixed combina-
tions than in mono-specific combinations.

Materials and methods

Study site, plant materials and experimental design

This study was carried out at the Experimental Botani-
cal Garden of the Georg-August University of Göttingen, 
Lower Saxony, Germany (51.55615 N, 9.95715 E), from 
May to September 2021. During this time, the average 
daily temperature recorded from the climate station at 
the study site was 14.8  C, and the average daily relative 
humidity was 79.7%. We used 3-year-old F. sylvatica (Fs), 
P. menziesii (Pm) and 4-year-old P. abies (Pa) trees. The 
trees were purchased from a local nursery (Baumschule 
Willenbocke GmbH, Walsrode, Germany) in May 2019 
and transferred to the study site. At the time of purchase, 
F. sylvatica and P. menziesii saplings were 1-year-old, and 
P. abies 2-year-old. The selected saplings of each species 
were of similar height and collar diameter. The trees were 
immediately planted into 65L plastic pots (surface area: 
0.22  m2). The pots were equipped with a bottom layer 
(approximately 50 mm depth) of coarse gravel for water 
drainage, and filled with low-nutrient sand (grain size: 0 
to 2 mm). Thin fleece cloths were placed over the gravel 
to prevent the sand from leaching out from drainage holes 
at the bottom. In total, we set up 315 pots, equally distrib-
uted among species combinations. Each pot contained four 
saplings, either of the same species (monospecific pots), 
or the combination of two F. sylvatica and two P. men-
ziesii or two F. sylvatica and two P. abies (mixed pots). We 
planted the trees of the same species diagonally opposite 
each other, to maximize the interactions between the two 
species (Fig. S1). In total, we obtained three monospecific 
combinations (F. sylvatica, FsFs; P. menziesii, PmPm; P. 
abies, PaPa) and two mixed ones (P. menziesii + F. sylvat-
ica, PmFs and P. abies + F. sylvatica, PaFs). The pots were 
placed under a rain shelter in a randomized order. The 
shelter was approximately 5 m high and with a transparent 

plexiglass roof, under which the photosynthetically active 
radiation (PAR) was 20–30% lower and the air tempera-
ture 2–4 °C higher than outside of it. Prior the start of the 
experiment, the pots were treated equally with periodical 
addition of fertilizer (Wuxal© 8.0% N, 8.0%  P2O5, 6.0% 
 K2O) and irrigated with an average of 2 to 4 L of tap water 
per pot per week, depending on the weather conditions. 
The insecticide Spruzid 20 mL  L−1 (Neudorff, Emmer-
thal, Germany) and the fungicide Ortiva 1 mL  L−1 (Syn-
genta, Frankfurt am Main, Germany) were also applied 
to ensure plant health. Furthermore, we installed time-
domain reflectometry (TDR) probes (Campbell Scientific, 
Logan, Utah, USA) in a subset of representative pots to 
monitor volumetric water content in the substrate. In May 
2021, we began the treatment application. We used the 
R package randomizr (Coppock 2022) to apply the treat-
ments to all the pots in a random design. The pots were 
exposed to four treatments (Fig. 1a): control, mimicking 
the current scenario in Central Germany, with N fertiliza-
tion corresponding to 20 kg  ha−1  yr−1 (based on current 
atmospheric N deposition rate in addition to natural N 
mineralization rate in forest soil; Fleck et al. 2019; Schaap 
et al. 2018) and an irrigation treatment corresponding to 
450 mm of precipitation (typical rainfall pattern from 
May to September; Schipka et al. 2005); water reduction 
(Wr), mimicking a scenario with unchanged N deposition 
rate (20 kg  ha−1  yr−1) but reduced precipitation during 
the growth period, corresponding to 250 mm; N addition 
(Na), mimicking a scenario with three-fold increased rate 
of N deposition (60 kg  ha−1  yr−1) and unchanged precipita-
tion (450 mm); and water reduction + N addition (WrNa), 
mimicking a scenario that combines reduced precipitation 
(250 mm) and increased N deposition (60 kg  ha−1  yr−1).

To achieve the treatments, we scaled the amount of 
water and N to the surface of the pots. We watered each 
pot assigned to the treatments “control” and “Na” three 
times a week with 0.66 L  day−1, and each pot assigned to 
the treatments “Wr” and “WrNa” with 0.36 L  day−1. We 
fertilized the pots assigned to the treatments “control” and 
“Wr” with 1.2 mM  NH4NO3 every 2 weeks, and the pots 
assigned to the treatments “Na” and “WrNa” with 3.7 mM 
 NH4NO3 with the same frequency. The  NH4NO3 was 
added in a 500 mL modified Hoagland solution (Hoagland 
and Synder 1933) with the following composition:  CaCl2 
(1.8 mM),  MgSO4 (0.4 mM),  K2SO4 (0.3 mM),  KH2PO4 
(0.7 mM),  H3BO3 (18.7 µM),  MnSO4 (6.6 µM),  ZnSO4 
(5.6 µM) and  CuSO4 (0.9 µM). For each treatment and spe-
cies combination, we set up five to six repetitions (pots), 
plus additional pots for test measurements. The rest of 
the pots were exposed to other treatments; however, they 
are not part of this experiment and will not be mentioned 
further.
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Harvest and sample collection

The harvest took place at the end of August 2021 after 
approximately four months of N and water treatments. For 
CN analysis, we collected sandy soil samples from three 
pots per treatment and species combinations. We collected 
approximately 100 g of the sandy soil from the top layer of 
each pot and dried it at 70 °C for 72 h.

We harvested 4–6 pots for each treatment and species 
combination, resulting in a total of 84 pots (Table S2). We 
extracted the four trees from pots and washed the roots with 
running tap water (Fig. 1b). We collected three to four root 
segments (50–100 mm long) per plant. We pooled the root 
segments of the same pot and same species. We wrapped 
them in wet paper towels and stored them in plastic bags in 
a cooling room at 4 °C.

We used 66 pots (2–6 pots per treatment and species 
combination) to measure tree biomass. For each pot, we 
recorded the biomass of all four saplings, for a total of 264 
trees (Table S3). To measure tree biomass, we cut the trees 
at the base of the stem, dividing shoot (stem, branches and 

leaves) and root (whole root system), placed the two parts 
separately in paper bags and dried at 70 °C for 72 h. We then 
weighed them to determine shoot and root biomass.

Determination of C and N in the sandy soil

The dry sandy soil samples were sieved with a metal sieve 
(mesh size: 2 mm) and homogenized by grinding them in 
a ball mill (Retsch, Haan, Germany). We weighed about 
20 mg of ground dry material into tin capsules and analysed 
C and N in the samples with a vario MICRO cube elemen-
tal analyser (Elementar Analysensysteme GmbH). We used 
acetanilide  (C8H9NO, HEKAtech GmbH, Wegberg, Ger-
many) as the standard.

Determination of mycorrhizal colonization rate 
and vitality index

We used the stored root segments within 14 days since har-
vest for the observation of root tips. We cut all the roots 
into shorter segments (30–50 mm long), randomly selected 

Fig. 1  Photo and scheme of the experiment a the three species are 
Fagus sylavtica (Fs), Pseudotsuga menziesii (Pm) and Picea abies 
(Pa), here represented in monospecific (FsFs, PaPa, PmPm, PaPa) 
and mixed pots (PmFs, PaFs). Different colours indicate the different 
treatments (Wr, water reduction; Na, N addition; WrNa, water reduc-

tion + N addition). Photo and scheme of the sample collection b for 
each pot, the shoot and root biomass were measured for the four sap-
lings; fine root samples were collected and pooled per pot and spe-
cies, and then observed under the microscope to count mycorrhizal, 
non-mycorrhizal and dry root tips
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at least 10 of them per sample, placed them in a Petri dish 
and inspected them under a stereo microscope (M205 FA, 
Leica, Wetzlar, Germany). To determine the proportion of 
vital mycorrhizal (M), non-mycorrhizal (NM) and dry (D) 
root tips for each sample, we categorized the first 200 vis-
ible root tips of the selected segments as vital mycorrhizal 
when the hyphal mantle was visible, non-mycorrhizal when 
the mantle was absent and the root tips were turgid, and dry 
when the root tips appeared darkened and shrunken (Pena 
et al. 2017; Valtanen et al. 2014).

Bayesian regression models

Data analysis was carried out with the software R, version 
4.2.2 (R Core Team 2022). Model estimation was run using 
the R add-on package brms (Bürkner 2017, 2018), which 
builds a statistical modelling environment based on the prob-
abilistic programming language Stan (Carpenter et al. 2017).

Because of the time-consuming observation process, 
the large number of treatments and combinations, and 
the restricted number of repetitions, we used a Bayesian 
approach to predict the variation of tree biomass, mycor-
rhizal colonization rate and root tip vitality as conditional 
probability to test our hypotheses.

To model the root tip mycorrhizal colonization rate and 
vitality index, conditional on covariate scenarios, we applied 
binomial regression models—in a data format grouped for pot 
ID, denoted by index j , j = 1,… , J , where J denotes the 
number of pots—using the logit link-function, separately for 
each tree species. We calculated the mycorrhizal colonization 
rate and the root tip vitality index following the equations by 
Pena et al. (2017). For the mycorrhizal colonization rate, we 
defined outcome variables yA,j as ‘number of M ’ out of ‘num-
ber of M + number of NM ’ trials. To model the vitality index, 
we defined the variable yB,j as ‘number of M + number of 
NM ’ out of ‘number of M + number of NM + number of D ’ 
trials. We set up linear predictors �A,j and �B,j with treatment 
(levels control, Wr, Na and WrNa) and species combination 
(levels FsFs, PaFs and PmFs for the F. sylvatica model, levels 
PaPa and PaFs for the P. abies model, and levels PmPm and 
PmFs for the P. menziesii model)—including all pairwise and 
two-fold interactions—as categorical covariates, xj , where 
respective regression coefficient vectors are denoted �A , and 
�B , respectively, to explain the variation in the conditional 
probabilities,  Prob

(
yA,j = M|xj;yA,j ∈ {M,NM}

)
 ,  and 

Prob
(
yB,j ∈ {M,NM}|xj;yB,j ∈ {{M,NM},D}

)
 . In order to 

consider potential correlation among measurements taken 
from the same pots, the variable pot ID was further added to 
the linear predictors as a grouping term—with respective pot 
ID specific coefficients �j (in frequentist statistical modelling 
referred to as random intercepts) having the conventional 
‘coming from a normal distribution with mean 0 and common 

standard deviation’ assumption as in frequentist mixed effects 
regression models i.e. yA,j ∼ N

(
0, �2

�A

)
 , or yB,j ∼ N

(
0, �2

�B

)
 , 

respectively. With this, and by application of the logit link-
function, we model the conditional probabilities by:

and

F o r  i n t e r c e p t  p a r a m e t e r s ,  we  u s e d  a 
scaled-t(ν = 3, μ = 0, σ = 2.5) prior, for effects of (inter-
actions of) treatments and species combinations we 
used a Normal(μ = 0, σ = 2.5) prior, and for the stand-
ard deviation for grouping terms, we again used a 
scaled-t(ν = 3, μ = 0, σ = 2.5) prior. The scaled-t priors are 
brms default priors, the normal priors for covariate effects 
can be considered as ‘weakly informative’ (Lemoine 2019). 
Prior and posterior predictive checks were performed to check 
adequacy of the model, and sensitivity of results on choice of 
priors. For the Stan algorithm generating posterior draws, we 
used 4 independent chains per model, with 2000 iterations 
per chain, including the first 1000 iterations as warm-up. We 
verified the convergence of these chains by checking that the 
potential scale reduction factors (Gelman and Rubin 1992) for 
all parameters were below a value of 1.01 (Stan Development 
Team 2023). With this build-up, we obtained the estimated 
conditional probabilities for yA (mycorrhizal colonization rate) 
and yB (vitality index) under all potential combinations of the 
predictors (treatments and species combinations) for Fs, Pm 
and Pa separately. To compare the effect of treatment and spe-
cies combination, for each tree species and species combina-
tion, we first obtained the difference between the estimated 
probabilities of yA and yB in the abiotic stress treatments (Wr, 
Na and WrNa) and the control treatment, and then plotted the 
mean, 66% and 95% inner quantile intervals of the posterior 
distribution to visualize the location and uncertainty of covari-
ate effects. The difference between any abiotic stress treatment 
and the control was considered statistically significant when 
the 95% inner quantile interval did not include the zero.

For tree biomass, the total dry weights (g) of roots and 
shoots—which are strictly positive and continuously scaled 
outcome variables, i.e. 0 < yi ∈ ℝ , i = 1,… , n , where index 
i denotes a single tree and n the total number of plants inves-
tigated (for a specific tree species)—were analysed. For 

Prob
(

yA,j = M|xj;yA,j ∈ {M,NM}
)

=
exp

(

�A,j +
∑J

j=1�A,j
(

potIDi = j
)

)

1 + exp
(

�A,j +
∑J

j=1�A,j
(

potIDi = j
)

) ,

Prob
(

yB,j ∈ {M,NM}|xj;yB,j ∈ {{M,NM},D}
)

=
exp

(

�B,j +
∑J

j=1�B,j
(

potIDi = j
)

)

1 + exp
(

�B,j +
∑J

j=1�B,j
(

potIDi = j
)

) .
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improved readability, we refrain from denoting each biomass 
response variable with a separate index as in the above bino-
mial logit analyses: separate, but with identical build-up—
models were estimated for each biomass outcome. In order to 
get to comparable scales for effects across tree species and 
outcome variables, each response value was divided by the 
respective empirical mean y =

∑n

i=1
yi

n
 , i.e. ̃yi =

yi

y
 . Using covari-

ates treatment and species combination (including their inter-
action), we applied hierarchical—pot ID as grouping factor—
Bayesian regression models, separately for each tree species, 
with the Gamma distribution as distributional model for the 
unknown process generating the outcome variables, i.e. 
ỹi ∼ Gamma

(
�i, �

)
 , where � denotes the second distributional 

parameter. Grouping coefficients �j were again estimated using 
the common normal distributional assumption as introduced 
above for binomial logit regression models. Applying the loga-
rithmic link-function for the conditional mean 
�i = E

(
ỹi ∣ treatment1,i, combination2,i,… , potIDi

)
 , we get:

where �i is a linear predictor for categorically scaled covari-
ates treatment and combination, with including their inter-
action terms, where respective regression coefficients 
are denoted � . Our applied priors were � ∼ N

(
0, 2.52

)
 , 

�� ∼ scaled-t(3, 0, 2.5) , and � ∼ Gamma(0.01, 0.01) , which 
are brms default ( �� , � ), or considered ‘weakly informative’ 
(Lemoine 2019) for � . Again, prior and posterior predictive 
checks were performed, and the convergence of posterior 
sampling was monitored using the potential scale reduction 
factors. Moreover, we compared the effect of treatment and 
species combination with the same method used for myc-
orrhizal colonization rate and vitality index, obtaining the 
difference in conditional probability between the estimated 
biomass values in the abiotic stress treatments and the con-
trol, and then plotting the mean, 66% and 95% inner quantile 
intervals of the posterior distribution. Data visualization was 
done using the R add-on package ggplot2 (Wickham 2016).

Results

During our experiment, the volumetric water content in 
pots with reduced water input (water reduction and water 
reduction + N addition) was on average 62.5% lower 
than in pots under well-watered conditions (control and 
N addition; Fig. S2). We did not find a significant effect 
of water and N treatment on the N content in the sandy 
soil substrate (Table S1; mean ± standard deviation: 0.18 
± 0.04 mg/g of dry mass). The C content of the sandy 
soil substrate was also not affected by any treatment 
(Table S1; mean ± standard deviation: 0.94 ± 0.15 mg/g 
of dry biomass).

log
(
�i

)
= �i +

∑J

j=1
�j
(
potIDi = j

)
,

The mean mycorrhizal colonization rate varied from 
95% (72–100%) for F. sylvatica (Table  S2) to 97% 
(88–100%) for P. abies (Table S3) and to 99% (98–100%) 
for P. menziesii (Table S4). The vitality index spanned 
from 83% (42–98%) for F. sylvatica (Table S2) to 89% 
(72–100%) for P. abies (Table S3), and to 90% (66–99%) 
for P. menziesii (Table S4).

The mean root biomass varied from 46.1 g (10.2 g–121.0 
g) for P. abies (Table S3) to 77.3 g (12.4 g–179.0 g) for P. 
menziesii (Table S4), and to 89.0 g (20.0 g–181.0 g) for F. 
sylvatica (Table S2). The mean shoot biomass ranged from 
64.8 g (7.9–139.0 g) for F. sylvatica (Table S2) to 105.0 g 
(13.4–296.0 g) for P. abies (Table S3), and to 149.0 g (11.6 
g–349.0 g) for P. menziesii (Table S4).

Responses of F. sylvatica

The variation of mycorrhizal colonization rates in response 
to abiotic stress treatments was small. The mycorrhizal colo-
nization rate of F. sylvatica (Fig. 2a) showed slight increases 
(< 1%) under water reduction, and under water reduction + N 
addition (range of 95% credible intervals: −0.002 to 0.154) 
compared to the control in the mixed combination with P. 
abies. No relevant changes were found for mycorrhizal colo-
nization rate of F. sylvatica growing in monospecific condi-
tions or in mixed combination with P. menziesii (Fig. 2a).

The vitality index of root tips (Fig. 2b) declined with a 
median value of 20% under water reduction + N addition 
in mixed combination with P. abies (−0.438 to −0.038). 
In combination with P. menziesii, the root tip vitality of F. 
sylvatica showed a slight decrease under water reduction, 
whereas in monospecific combination, no treatment had sig-
nificant effect on root tip vitality of F. sylvatica.

In monospecific combination, the shoot biomass of F. syl-
vatica (Fig. 2c) declined with a median value of 44% under 
water reduction + N addition compared to control (−0.877 to 
−0.089). No change of shoot biomass was found under the 
other treatments, regardless of the tree mixture.

The root biomass of F. sylvatica (Fig. 2d) showed a 27% 
decline in monospecific combination under water reduc-
tion + N addition (−0.645 to 0.027) compared to control, 
although zero and positive values cannot be excluded. No 
changes were found in the other treatments and species 
combinations.

Responses of conifers (P. abies and P. menziesii)

The mycorrhizal colonization rate of P. abies (Fig. 3a) 
showed a small (< 1%) increase under water reduction + N 
addition compared to control in mixed combination with 
F. sylvatica, although zero and negative values cannot be 
excluded (range of 95% credible intervals: −0.001 to 0.066). 
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No effects on mycorrhization rates were found in any other 
treatment.

The vitality index (Fig. 3b) of P. abies was 12% lower 
under water reduction + N addition than that of the con-
trols in monospecific combination (−0.287 to −0.005), 
and also showed 6% decline in mixed combination with 
F. sylvatica under the same treatment (−0.175 to 0.008), 
although zero and positive values cannot be excluded. Water 
reduction or N addition as single factors did not affect root 

vitality in monospecific conditions or in combinations with 
F. sylvatica.

In mixture with F. sylvatica, P. abies showed 40% shoot 
biomass reduction under water reduction + N addition com-
pared with the control (−0.964 to −0.006) (Fig. 3c). The 
root biomass (Fig. 3d) was 38% lower in mixed combination 
under water reduction + N addition than that of the control 
(−0.809 to −0.063). Under the other treatments, the shoot 

Fig. 2  Variation of a mycorrhizal colonization rate, b root tip vital-
ity index, c normalized shoot biomass and d normalized root biomass 
for F. sylvatica in monospecific combination (FsFs), mixed combina-
tion with P. abies (PaFs) and mixed combination with P. menziesii 
(PmFs). The differences in conditional probability of the measured 
traits were predicted for water reduction (Wr), N addition (Na) and 

water reduction + N addition (WrNa) compared to control. A condi-
tional probability of −1/ + 1 defines a 100% probability of a reduc-
tion/increase in the trait due to the treatment. Red line denotes expec-
tation of zero change compared to control. Black bar depicts 66% 
(thick) and 95% (thin) credible intervals of the estimate; closed cir-
cles indicate medians of the posterior distribution
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and root biomass of P. abies in both monospecific and mixed 
combinations did not show any relevant variations.

For P. menziesii, the mycorrhizal colonization rate 
(Fig. 4a) was slightly reduced in the mixed combination 
with F. sylvatica under water reduction compared to con-
trol (−0.013 to 0) and not in any other treatment or species 

combination. No significant variations from control was 
found for the vitality index for P. menziesii (Fig. 4b).

The shoot biomass of P. menziesii (Fig. 4c) showed a 
56% reduction under water reduction in mixture with F. 
sylvatica compared to control (−1.602 to 0.078), although 
zero and positive values cannot be excluded. Further under 

Fig. 3  Variation of a mycor-
rhizal colonization rate, b Root 
tip vitality index, c Normalized 
shoot biomass and d normal-
ized root biomass for P. abies 
in monospecific combination 
(PaPa) and mixed combination 
with F. sylvatica (PaFs). The 
differences in conditional prob-
ability of the measured traits 
were predicted for water reduc-
tion (Wr), N addition (Na) and 
water reduction + N addition 
(WrNa) compared to control. 
A conditional probability of 
−1/ + 1 defines a 100% prob-
ability of a reduction/increase 
in the trait due to the treatment. 
Red line denotes expectation 
of zero change compared to 
control. Black bar depicts 66% 
(thick) and 95% (thin) credible 
intervals around the estimate; 
symbols indicate medians of the 
posterior distribution
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these conditions, root biomass of P. menziesii (Fig. 4d) 
was 54% lower than that of controls (−1.278 to −0.042). 
No other changes of shoot and root biomass were found in 
response to the treatments and species mixtures.

Discussion

In this study, we showed that three economically relevant 
forest tree species reacted differently to species mixing 
under the impact of water scarcity and N addition already 

Fig. 4  Variation of a mycor-
rhizal colonization rate, b root 
tip vitality index, c normalized 
shoot biomass and d normalized 
root biomass for P. menziesii 
in monospecific combination 
(PmPm) and mixed combination 
with F. sylvatica (PmFs). The 
differences in conditional prob-
ability of the measured traits 
were predicted for water reduc-
tion (Wr), N addition (Na) and 
water reduction + N addition 
(WrNa) compared to control. 
A conditional probability of 
−1/ + 1 defines a 100% prob-
ability of a reduction/increase 
in the trait due to the treatment. 
Red line denotes expectation 
of zero change compared to 
control. Black bar depicts 66% 
(thick) and 95% (thin) credible 
intervals around the estimate; 
symbols indicate medians of the 
posterior distribution
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after one growth season.
In line with other studies, the water reduction and N treat-

ments only had a marginal effect on mycorrhizal coloniza-
tion (Bogeat-Triboulot et al. 2004; Clausing et al. 2021a; 
Morte et al. 2001), but the combination of both impacted 
root tip vitality. Studies show that water scarcity can impair 
plant photosynthesis and, as a consequence, the carbon 
supply to mycorrhizal symbionts, leading to root tip death; 
an increase of non-vital root tips was observed in Quercus 
pubescens forests in Slovenia in association with seasonal 
drought events (Mrak et al. 2021) and for Pinus edulis in 
northern Arizona after prolonged drought (Swaty et  al. 
2004) as well as in response to girdling when the carbon 
supply to the roots was interrupted (Clausing et al. 2021b; 
Pena et al. 2010). In our experiment, water reduction alone 
did not show a significant impact, but the root tip vitality 
index declined for F. sylvatica in mixed combination with 
P. abies and for monospecific P. abies under water reduc-
tion + N addition. Root tip vitality declined significantly for 
trees with the highest root biomass. This observation sug-
gests that under high N availability the trees invested in root 
biomass production when experiencing root tip mortality to 
compensate for the loss of active roots, or, alternatively, that 
a large root system exposed the trees to a greater risk of root 
tip drying because of increased water demand (Dziedek et al. 
2016; Meyer-Grünefeldt et al. 2015). Both options require 
more studies to be clarified.

An unexpected, novel result was that negative impacts 
on biomass experienced under abiotic stress (water reduc-
tion and N addition) were mitigated in mixed combinations 
only for F. sylvatica but not for conifers. This result does 
not concur with our initial hypothesis, which states that 
all studied species—in monospecific and mixed combina-
tions—would show more negative effects under the combi-
nation of low water supply + N addition rather than when 
exposed to individual stress factors. Instead, the results 
firstly suggest that F. sylvatica shows stronger intraspecific 
competition under stress than conifers. Second, in mixed 
combinations, competition strengths of the studied spe-
cies are not equal; field studies (e.g, Schwarz and Bauhus 
2019) show greater mixing benefits for F. sylvatica under 
drought compared to the admixed species possibly due 
to the reduction of the intraspecific competition that F. 
sylvatica experiences in mixture with conifers. Our study 
partially agrees with this observation, although mixing 
benefits, in particular on shoot biomass, were observed 
only when water reduction was combined with N addition.

Our results highlight a species-specific response to envi-
ronmental stress. F. sylvatica shoot biomass and root tip 
vitality decreased under water reduction combined with N 
addition; greater stress symptoms were reported by Dziedek 

et al. (2016) for F. sylvatica seedlings when exposed to 
drought and N excess. No significant variations were found 
under the N addition treatment alone: the study of Likulunga 
et al. (2022) also did not find any variation of root biomass 
under N fertilization in F. sylvatica forests. P. abies showed 
the strongest negative impacts on root biomass and root tip 
vitality under water reduction + N addition. Lower root bio-
mass might impair water uptake ability, thereby failing to 
meet the increasing transpiration demand, especially dur-
ing severe drought (Hammond et al. 2022). Even though we 
did not measure any root morphological traits, a reduction 
in fine root diameter could also be responsible for lower 
biomass, in this case improving water uptake by increasing 
root–soil interface (Olmo et al. 2014). Negative impacts of 
drought combined with N addition on root biomass were 
reported also in a young P. abies stand (Palátová 2004). This 
suggests that the simultaneous occurrence of water reduction 
and increased N supply represents unfavorable conditions 
for F. sylvatica and P. abies, both naturally adapted to a 
moderate level of soil moisture and N-limited ecosystems 
(Ellenberg 1988). For P. menziesii, mycorrhizal coloniza-
tion rate, root biomass and marginally shoot biomass were 
negatively impacted by water reduction as single factor. The 
observation that, unlike F. sylvatica and P. abies, P. men-
ziesii was not impacted by water reduction combined with 
N addition, but by water reduction alone, might point to a 
higher N demand because of its high growth rate (Thomas 
et al. 2022). We speculate that this demand cannot be met 
when water limitation most likely reduces N availability 
and root uptake (McMurtrie and Näsholm 2018). Under low 
water availability, enhanced N supply might be beneficial. 
Our result does not fit in the context of the claimed drought 
tolerance of P. menziesii in European forests (Eilmann and 
Rigling 2012), suggesting that the performance of P. men-
ziesii under drought might vary with nutrient availability in 
the soil.

The three studied species differentially responded to spe-
cies mixing. First of all, F. sylvatica showed a reduction 
of shoot biomass under water reduction + N addition only 
in the monospecific combination, while it was not altered 
in mixed combinations with either P. abies or P. menziesii. 
Contrary to our expectations, the responses of P. abies and P. 
menziesii to water reduction and N addition were not minor 
in mixed compared to monospecific combinations; for P. 
abies root biomass declined significantly (38%) under water 
reduction + N addition when growing with F. sylvatica; 
for P. menziesii root biomass showed a 54% decline under 
water reduction alone in combination with F. sylvatica. This 
suggests that F. sylvatica benefits from interactions with 
conifer neighbors because of the release from intraspecific 
competition, and that the negative effect of water reduction 
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+ N addition could be mitigated for this species in mixed 
combinations. A positive effect of conifer presence on the 
biomass of F. sylvatica was found by Bebre et al. (2021) 
in a controlled experiment; in detail, F. sylvatica seedlings 
growing with P. menziesii reached a higher biomass com-
pared to seedlings growing with conspecifics. However, in 
this study, no differential water and/or nitrogen treatments 
were applied, and the positive effect of conifers on F. sylvat-
ica was found only when the trees where shaded with 50% 
light reduction. In mixed forests, the presence of conifers 
has divergent impacts on F. sylvatica: with P. abies, either 
facilitative interaction (Bolte et al. 2013), or a competitive 
advantage (Schmidt 2002) or disadvantage (Kozovits et al. 
2005) was found; the presence of P. menziesii favored F. 
sylvatica growth (Reyer et al. 2010) or had no effect (Thurm 
et al. 2016). Taken together, these results indicate that con-
founding factors may blur the response of trees to species 
mixing under field conditions.

Moreover, our results support the notion that the differ-
ences between the response of biomass production of F. 
sylvatica and the two conifers, in particular the reduction 
of shoot biomass of F. sylvatica and the reduction of root 
biomass for conifers, could be due to opposite resource allo-
cation strategies that broadleaved and conifer trees activate 
during stress (Villar-Salvador et al. 2015).

Facing fast environmental change, even small, diver-
gent responses of tree species to stress factors might have 
important consequences to be considered in the decision-
making process of forest management. Applying Bayesian 
regression models to our data, we quantified mycorrhizal 
colonization rate, root tip vitality and tree biomass under 
different scenarios for all species and species combinations. 
By estimation of full probability distributions of changes in 
the conditional expectation of our response variables, the 
Bayesian approach to statistical inference allowed us to have 
a direct quantification of uncertainty in these changes. This 
represents an advantage compared to frequentist probabil-
ity statistical approaches (i.e., classical ANOVA) that (a) 
require believing in approximate normality in order to get to 
statistical inference statements, and (b) only allow for indi-
rect statements based on hypothetical long-run frequentist 
attributes of the statistical or sampling method.

A limitation of our study is that the controlled pot experi-
ment does not reflect the complexity of natural conditions 
that trees experience in forest soil. Specifically, we used 
nutrient poor sand as substrate to be able to assess root tip 
vitality and mycorrhization. However, in northern Germany, 
forests of F. sylvatica, P. abies and P. menziesii do occur on 
sandy soil with low water-holding capacity (BMEL 2012; 
Foltran et al. 2023) and experience relatively high deposition 
of N (Schaap et al. 2018). Therefore, our study reflects rel-
evant and current environmental cues for the studied species 
under controlled conditions.

Conclusion

Our study clearly demonstrates young tree species-specific 
responses to abiotic stress and neighboring tree species. 
Under the occurrence of water reduction and N addition, 
young P. menziesii performed better than P. abies in terms 
of biomass production. This could mean that the response 
of P. menziesii depends on nutrient availability, with N addi-
tion mitigating the negative effect of water reduction. Addi-
tionally, F. sylvatica had an advantage when growing with 
conifers instead of conspecific species. Whether this novel 
result holds for mature stands, requires further investigation. 
Based on our results, we recommend that, to withstand the 
risks imposed by climate change, the selection of suitable 
tree species should be not only based on their individual 
responses but also on their interactive responses to chang-
ing abiotic factors. On inherently nutrient-rich sites or sites 
exposed to high N deposition rates, the mixture of F. syl-
vatica with P. menziesii might be preferable to P. abies or to 
monospecific F. sylvatica stands.
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