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12.30 Registration for Task Force participants (on site) 

Tea and coffee will be provided. 

 

13.30 Welcome and introduction to the meeting 

• FICAP Co-chairs (Anna Engleryd & John Salter): opening and introduction to the themes and 
purpose of this meeting. 

o Review capacity building and information sharing activities undertaken by Task 
Forces, ICPs, and Centres across the Air Convention. 

o Discuss best practises and lessons learned from capacity building and mutual 
learning opportunities from other regions. 

o Discuss how existing multilateral and national programmes have helped countries 
and regions to build up air quality management competences and what is missing 
from international forums. 

• WMO Secretary-General (Professor Celeste Saulo): welcome to the meeting. 
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(currently at the proposal 
stage)?
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should be taken to build 
synergies with other 
monitoring initiatives?
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Holling, C. S. 1973. Annual Review of Ecology 
and Systematics 4:1–23.

https://efi.int/articles/how-can-we-measure-
forest-resilience

• >160 definitions.

• Ability to endure stress and still be able to 

perform? 

• Capacity to recover after a catastrophe?

• …

• «Any decision a forest manager will need to make is

heavily affected by both the ecosystem as well as by 

societal demands and perceptions».

• Forest managers got frustrated: how do you

implement something that you are not exactly sure of 

what it means?

Ball-and-cup metaphore

Resilience
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Declines around pollution sources Declines around
pollution sources usually involve a distinct spatial
pattern, with the most damaged areas being located
close to the pollution source. Here, acute foliar
injuries are almost always present; they are caused by
concentration of pollutants that are directly toxic to
plants. As the distance from the source increases,
chronic injury and/or indirect effects may occur. The
best-known cases of declines around pollution
sources for which conclusive studies have been
reported are shown in Table 2. Tree mortality and/
or damage have also been reported around sources of
pollution in Europe (Arc Valley, Maurienne, France;
Øvre Årdal, Norway; Leanachan Forest, Fort Wil-
liam, Scotland, UK) and evidence for other cases in
the Kola Peninsula of China, Korea, and the former
USSR is emerging.

Forest declines and regional air pollution Well-
documented cases of regional forest decline that can
be attributable to air pollution are limited (Table 2).
This reflects the inherent complexity of research into
cause and effect; with few exceptions, at the regional

scale the concentration and deposition of air pollu-
tants is usually not enough to cause direct injury to
the trees; rather, secondary effects (e.g., soil mediated)
can occur, but they usually are less obvious and
involve a suite of other factors. Examples of regional
effects of air pollutants include the effects of ozone
(O3) on the decline of Abies religiosa (Desierto de Los
Leones, Mexico) and on the pines (mostly Pinus
jeffreyi and P. ponderosa) in the western USA. In
Europe, the damage to Norway spruce (Picea abies)
in the area between the northern Czech Republic,
south Poland, and southeast Germany due to sulfur
dioxide (SO2) is the most widely known example. In
several other cases, air pollution was suspected to be
involved but evidences were not conclusive.

Methods in Forest Health Diagnosis,
Monitoring, and Evaluation

Diagnosis

Identifying whether the forest of concern is healthy
or not and, if unhealthy, what could be the cause of

Effects on
individual trees

Temperature extremes
Drought

Wind
Hail

Lightning
Snow and ice

Fire

Space
Nutrients

Light
Water

Pathogens
Insects

Alien species
Nematodes

Bacteria
Virus and MLOs

Game and grazing
Mychorrhizae

Mechanical damage
Management operations

Fire

Soil nutrient supply
Foliar nutrients

Nutrient deposition
Air pollution
Xenobiotics

Environmental
chemistry

Human/direct
disturbances

Biotic
agents

Competition
for resources

Weather
and climate

Categories of stressors Target Categories of effects

Injury/alterations on
- leaves
- branches
- stem
- roots
Alterations of physiological
processes
Changes in sensitivity to other
stressors
Changes in phenology

Decrease in productivity
Changes in age structure
Changes in competition and
mortality
Changes in community succession
Changes in species composition
Changes in nutrient cycling
Changes in hydrology
Changes in genetic structure

Effects on the
forest ecosystem

Figure 1 Stressors that may affect forest trees and ecosystems causing various effects. MLOs, mycoplasma-like organisms.
Compiled on the basis of Committee on Biological Markers of Air Pollution Damage in Trees (1989) Biological Markers of Air Pollution
Stress and Damage in Forests. Washington, DC: National Academy Press.

HEALTH AND PROTECTION /Diagnosis, Monitoring and Evaluation 287

What to measure and how? 

Ferretti, 2004, in Evans, Youngquist, Burley, Encyclopedia of Forest Sciences
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The UNECE International Co-operative Program (ICP) on 
Assessment and Monitoring of Air Pollution Effects on Forests

• Collect, validate, store, process and provide data on 
forest health, growth, diversity, phenology, soil and 
foliar nutrients, climate, deposition and ozone.

• Long-term, large-scale forest condition.

• Large-scale 42 participating countries (lead: 
Germany).

• Drivers-response relationships.

• Standard Operating Procedures (SOPs) and Quality 
Assurance (QA) on a continuous basis.

• www.icp-forests.net

ICP Forests — Monitoring the eff ects of air pollution, 
climate change, and other stressors on forest ecosystems
ICP Forests operates under the UNECE Air Convention 
and was established as part of the Working Group on 
Eff ects (WGE) in 1985. This was in response to wide 
public and political concern about the extensive forest 
damage observed in Central Europe that was attributed 
to air pollution. Since then the focus of ICP Forests has 
widened from solely studying the impact of air pollution 
on forest ecosystems to include the study of other forest-
related issues such as climate change eff ects, carbon 
sequestration, ecosystem services and biodiversity. Over 
the past few years, ICP Forests has received more than 
130 data requests from scientists working in these fields.

As well as addressing the scientific information needs 
of the Air Convention, thereby underpinning the 
advancement of air pollution abatement measures in 
Europe, the quantitative policy-relevant information on 
air pollution eff ects on forests collected by ICP Forests 
can also be used by other national and international 
forest and environmental bodies, such as Forest Europe 
(FE, formerly the Ministerial Conference for Protection of 
Forests in Europe – MCPFE), the Convention on Biological 
Diversity (CBD), and the United Nations Framework 
Convention on Climate Change (UNFCCC).

ICP Forests monitoring: variables and frequency. 
Not every survey is conducted on all plots.
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Ozone induced injuryCrown condition

Survey Level I
sites

Level II
sites

Frequency

Air quality × Continuously

Biodiversity × Every 5 yrs

Crown condition × × Every year

Deposition × Weekly/monthly

Foliar analysis
× Every 10-15 yrs

× Every 2 yrs

Ground 
vegetation × Every 5 yrs

Growth × Every 5 yrs

Leaf area index 
(LAI) × At least every 

2 yrs

Litterfall × Continuously

Meterology × Continuously

Ozone injury × Every year

Phenology × Several times 
per year

Soil × × Every 10-15 yrs

Soil Solution × Continuously

Monitoring at two levels 
of intensity
Systematic large-scale monitoring (Level I) provides 
periodic overviews of the spatial and temporal 
variation in forest health, forest soil condition, and leaf 
chemistry in relation to anthropogenic and natural 
stressors. Monitoring at Level I plots began in 1986. 

Intensive monitoring (Level II) is undertaken on a 
network of permanent, highly instrumented forest 
monitoring plots. Level II monitoring aims to foster 
integrative studies on cause-eff ect relationships 
of anthropogenic and natural stressors with forest 
condition and forest processes. Such plots generate 
consistent and standardised long-term data series for 
many ecosystem compartments and processes. More 
than 250 variables are collected on Level II plots. 
Monitoring at Level II plots began in 1994.
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ICP Forests in brief Ferretti et al., For Ecol Manage, 2024



Mean plot defoliation

Michel et al., ICP Forests TR, 2022
Potocic et al., ICP Forests Brief, 2022

George et al., Plant Biology, 2022

Mortality and soil 
moisture anomalies

 

 
Figure 7-1: Mean plot defoliation of all species in 2021, shown as defoliation classes. The legend (top left) shows defoliation classes ranging from 
none (blue), slight (green), moderate (orange and red), to severe (black) defoliation. The percentages refer to the needle/leaf loss in the crown compared 
to a reference tree. The pie chart (top right) shows the percentage of plots per defoliation class. Dead trees are not included. 
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intercept α and β1 to β3 being the three overall effects of
current-year SMA, previous-year SMA and the interaction
between them. Interaction terms were first transformed into
positive values (raw value minus minimum) and then centred
and scaled. Finally, ai denotes the random effect of the survey
plot i and bij an observation level random effect that accounts
for putative overdispersion in the data (i.e. additional variance
exceeding that expected under the binomial model).

To estimate this model, we used the R package brms (version
2.16.3; Bürkner 2017, 2018), which is based on the probabilis-
tic programming language Stan (Carpenter et al. 2017). All
models were run with four MCMC chains, 6000 iterations each
and with a warm-up of 1000 iterations for each chain. Weakly-
informative normal priors (mean = 0, standard deviation = 5)
were assigned on all the overall effects, while all other parame-
ters had the default priors assigned to them by brms, which are
designed to be non- or weakly informative (see Data S2 for
details). Posterior predictive checks were carried out in order
to qualitatively assess putative discrepancies between modelled
and observed data (Gabry et al. 2019). Furthermore, we fitted
and compared two models: (1) with only varying intercepts

and (2) one additionally including varying slopes of all predic-
tors using approximate leave-one-out cross validation (Vehtari
et al. 2017).

RESULTS

Linearly increasing trends in annual mortality rates were signif-
icant for Norway spruce, oak, European beech, Scots pine,
European larch as well as for the remaining minor tree species
(P < 0.05). Only silver fir did not show any trend across the
investigated time period. All conifers except silver fir showed
characteristic mortality peaks in 2005 and 2019, that is 1 or
2 years after the prominent millennial drought events in 2003
and 2018, respectively (Fig. 1), oak and European beech
showed only a slight increase in 2004 and 2005, and the first
obvious increase in 2012, with another minor peak in 2019.
Minor tree species showed peaks in 2012, 2013 and 2015 and
2018.
Accordingly, decreasing trends in soil moisture anomaly

were significant in plots for Norway spruce, European larch
and minor tree species. In oak, silver fir, Scots pine and

Fig. 1. Temporal dynamics and trends in annual mortality rate (red) and soil moisture anomaly (blue) by species. Continuous lines represent mean across spe-

cies ranges. Standard errors are not displayed for reasons of better illustration and visibility. Dashed lines show linear trends. Grey vertical lines indicate years

2003, 2005 and 2018.

Plant Biology 24 (2022) 1108–1119 © 2022 German Society for Plant Sciences, Royal Botanical Society of the Netherlands. 1111

George, Bürkner, Sanders, Neumann, Cammalleri, Vogt & Lang Long-term forest monitoring reveals constant mortality rise in European forests
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Ferretti et al., For Ecol Manage, 2013
Veresoglou et al., New Phytol, 2014

Jaime et al., Global Change Biology, 2021
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independent variable) separately to the defoliation and discolor-
ation metrics using the square-root transformed foliar N : P ratios
as an independent variable. Preliminary analysis had shown that
N : P ratios between conifers and broadleaves differed signifi-
cantly (Fig. S2) whereas the differences across plants belonging to
the same plant Division were subtle. Hence, to maintain the high
resolution of data that is required to secure accurate estimates of
the breakpoints of the segmented regression, we only considered
splitting the N : P ratio dataset into two subsets, conifers and
broadleaves. The breakpoints so identified were used to group
entries (conifer and broadleaved trees) into a ‘low-N : P’ subset
(below the breakpoint) and N : P ratio indicative of moderate–
high N availability – the ‘sufficient-N : P’ (above the breakpoint)
subset. Segmented regression was carried out using the ‘seg-
mented’ package in R (Vito & Muggeo, 2008). Our preliminary
analysis also showed that foliar N : P ratios correlated well (better
than N tissue content did) with total NH3 emission amounts
from 2009 as these were retrieved from EMEP (European
Mapping & Emissions Programme, 2013; Figs S3, S4).

The slope of the N : P ratio effect was evaluated (separately for
the high and low N : P subsets in each of the defoliation and dis-
coloration datasets) through a Bayesian approach implemented
in WinBUGS v1.4.3 (Spiegelhalter et al., 2003) with the aid of
the R package R2WinBUGS (Sturz et al., 2005). All models fit-
ted comprised five chains that were run for 100 000 iterations
out of which the 20 000 first were discarded. Convergence of the
chains was evaluated with the R-hat values. In essence the Bayes-
ian approach implemented here resembled a frequentistic (i.e.
nonBayesian) model that contained multiple random effect
parameters. The mixed-effects linear model that was fitted con-
tained a fixed-effects slope (a normally distributed prior with zero
mean and 0.001 variance was used) for the square-root trans-
formed N : P ratios and three random effects factors as follows.
(1) A plant division-specific effect with two levels (either conifers
– Pinophyta or broadleaves – Magnoliophyta). The categorical
variable accounted for the pronounced differences in N : P ratios
that existed between broadleaves and conifers and allowed for a
potential differential effect of N : P ratios on the dependent vari-
ables. It was sampled from a normal distribution with a mean l
and variance r2D. (2) A plant group-specific effect at a level finer
than plant division. This was obtained from a normal

distribution with mean zero and variance r2P. Because we deemed
it unlikely that we could resolve species-level effects, we identified
the following six plant groups: Beech trees (Fagus spp.) with 85
records; Oak trees (Quercus spp.) with 264 records; Spruce trees
(Picea spp.) with 345 records; Pine trees (Pinus spp.) with 380
records; Other conifers with 35 records and other broadleaves
with 43 records. (3) A plot-specific effect to account for depen-
dencies of trees that co-occurred in the same plot. The effect had
a mean of zero and variance r2T.

We implemented Gibbs sampling, rather than the Metropolis
sampling algorithm, to maximize sampling efficiency. The for-
mulation of the Bayesian model is presented in detail in the
Supporting Information.

We sequentially fitted the model without any of the climatic
factors, with only the first PCA axis of climatic factors, with only
the second axis, and with both axes. Optimal model selection was
based on the deviance information criterion (DIC) – a parsimo-
nious model has to have as low a DIC value as possible. Through-
out the analysis variables were transformed whenever needed.
Conformation with the normality criterion for the residuals and
homoscedasticity of the data were evaluated visually.

Results

Through the segmented regression approach we identified the
following N : P ratio breakpoints (backtransformed): 7.3 and
14.8 for conifers and broadleaves (respectively) with regards to
defoliation and 9.7 and 13.8 with regards to discoloration
(Fig. 2). A negative relationship between N : P ratios and crown
assessment metrics was found for N : P ratios before the break-
points, whereas the relationship was positive for higher N : P
ratios. The N-sufficient groups (groups with higher N : P ratios
than the breakpoints) contained 78% of the entries for defolia-
tion and 59% of the records for discoloration.

Fitting of the Bayesian models revealed that the slopes of N : P
ratios were all significant; that is, the mean of the probability of
the slope to decline, ‘p.decline’, was either above 0.95 or below
0.05 (Table 1). Moreover, our Kernel statistics (2.5%, 25%,
50%, 75% and 97.5% quantiles) for the slope of the regressions
– the parameters beta – had the same sign in each case. In all
models we confirmed that the assumptions of normality and

(a) (b)

Fig. 2 Scatterplots of N : P ratios (x-axis) and
(a) defoliation and (b) discoloration, with the
segmented lines overlain on the plots. Black
triangles, conifers; grey crosses, broadleaves;
continuous lines, segmented lines for
conifers; discontinuous lines, segmented lines
for broadleaves .

! 2014 The Authors
New Phytologist! 2014 New Phytologist Trust

New Phytologist (2014) 202: 422–430
www.newphytologist.com

New
Phytologist Research 425
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higher (R2 marginal = 0.40) than for the bark beetle attack model, 
which was quite low (R2 marginal = 0.09). Particularly, the random 
effects explained an important part of the models’ variance (R2 con-
ditional = 0.15 in the beetle attack model; R2 conditional = 0.56 in 
the mortality model), mostly due to bark beetle species.

Patterns of bark beetle attack varied among species (Figure 2a). 
For I. typographus, the likelihood of beetle attack was negatively de-
termined by plot characteristics (host proportion and tree species 
richness). For the joint activity of I. acuminatus and I. sexdentatus, 
the likelihood of beetle attack was determined by the positive in-
teraction between host and beetle distances to species niche op-
timum and by drought intensity. In the case of the joint activity of 
T. piniperda and T. minor, beetle attack increased close to the host 
climatic niche optimum, and was positively related to drought events 
of low intensity but more duration. Tree mortality patterns also var-
ied among bark beetle species (Figure 2b); but in all cases, it was de-
termined by drought characteristics. Particularly, for I. typographus, 
the likelihood of tree mortality increased with drought duration and 
the time since the maximum drought, and both for the joint activity 
of T. piniperda and T. minor and the joint activity of I. acuminatus and 
I. sexdentatus, tree mortality increased with the intensity of drought 
events. In addition, for the joint activity of I. acuminatus and I. sex-
dentatus, mortality was also determined by the proximity to the host 
and beetle species niche optimums.

4  |  DISCUSSION

Bark beetle attack and eventual beetle- induced tree mortality were 
determined by the combination of several drivers, including plot fea-
tures as well as climate conditions and their interaction with species’ 
environmental preferences (i.e., climatic niche). Drought conditions, 
both duration and maximum intensity, had a critical role on recent 
bark beetle disturbance patterns, suggesting they have been key in 
modulating the resistance of European forests to insect attack dur-
ing the 2010– 2018 period. These results are consistent with stud-
ies that have linked the ongoing decline of host tree resistance and 
the intensifying severity of bark beetle outbreaks under increased 
climatic variability and episodes of hotter droughts (Netherer et al., 
2019; Neumann et al., 2017; Rouault et al., 2006). However, our 
analysis revealed that the influence of drought on forest resistance 
to bark beetle attack is mediated by the environmental position of 
the affected forest within the host tree and beetle species climatic 
niche. We found that forest resistance was modulated by the joint 
influence of the proximity of both the host tree and beetle species 
to the respective climatic optimum. This highlights the potential of 
integrating host and beetle niche characterization into a common 
environmental space to better understand the spatiotemporal pat-
terns of forest resistance to bark beetle disturbance at regional 
scales under changing climates.

F I G U R E  2  Summary of coefficient estimates obtained in GLMs describing the results of the species- specific likelihood of (a) bark beetle 
attack and (b) tree mortality for each beetle species. Explanatory variables include the distance to the niche optimum of both host tree and 
beetle species, drought conditions, and plot characteristics. Minimum SPEI: Lower values describe higher drought intensity. R2 for beetle 
attack models: I. typographus (0.26); I. sexdentatus– I. acuminatus (0.29); T. piniperda– T. minor (0.10). R2 for mortality models: I. typographus 
(0.48); I. sexdentatus– I. acuminatus (0.91); T. piniperda– T. minor (0.96). * indicates significance (p < 0.05). N plots: I. typographus = 46; I. 
sexdentatus and I. acuminatus = 22; T. piniperda and T. minor = 62
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Forest growth

environmental gradients as shown in this study implies that manage-
ment activities regulating the stocking level and stand age might still
have a large potential to influence the growth of European forests, even
under recent changes in climate, Ndep and O3 concentrations. Forest
management can regulate stand density through thinning, species
composition, and forest age and age structure by acting on rotation
period.

4.2. Non-linear response of forest growth to N deposition

As shown also in national studies (Ferretti et al., 2014; Foster et al.,
2015; Henttonen et al., 2017; Rohner et al., 2018), European forest
growth, was best described by a combination of stand related variables,
as well as environmental drivers (Tables 4 and 5), but with species
specific differences. In our study, N deposition turned out to be an
important and consistent environmental driver for European forest
growth regardless the statistical approach used. SEM, accounting for
multi-collinearity, indicated a significant relationship of (residual) ΔVol
and Ndep for the period 1995 to 2000 for all species (Fig. 6, Table 5).
LME, including all three inventory periods, indicated Ndep as significant
driver of ΔVol at least for spruce and beech (Fig. 5, Table 4). Differences
between SEM and LME might be due to the fact that SEM included only

data of the first inventory period, whereas LME included all inventories.
Continental-scale ΔVol was in most cases non-linearly related to

Ndep with a positive growth response until the threshold at 24 to
34 kg N ha−1 yr−1, after which the slope either levelled off or a ne-
gative growth response occurred (Fig. 4). For LME, which accounts for
multivariate relationships, a non-linear relationship between ΔVol
and Ndep remained only for beech with a turning point around
30 kg N ha−1 yr−1, while spruce was positively linearly related to Ndep
(Fig. 5). For spruce, however, LMEs indicated a negative interaction of
Ndep and foliar N concentrations, meaning a less positive effect of Ndep
on ΔVol at high levels of foliar N concentration. The insignificant
relationship of ΔVol and Ndep for oak and pine is due to plots located in
the Netherlands with both, high NdepEMEP and high growth levels
(Fig. 4). The Dutch Ndep values were far beyond all other plots (e.g. for
both oak and pine plots mean NdepEMEP in The Netherlands was
50 kg N ha−1 yr−1 , which is 29 and 35 kg N ha−1 yr−1 higher than the
mean of all other oak and pine plots, respectively). No NdepICPF data
were available for comparison. When excluding these plots, LMEs
indicated also non-linear relationships between ΔVol and Ndep for
remaining oak and pine plots (data not shown).

These results are in accordance with several N addition experiments
(Magill et al., 2004; Högberg et al., 2006) or monitoring studies at

Fig. 6. Results of the structural equation models (SEM) to explain forest increment (ΔVol) for conifers (top, a, b) and broadleaves (bottom, c, d) and using total Ndep
based on EMEP model results. Based on data from the first inventory period (1995 to 2000). Significant positive relationships are indicated by black continuous
arrows, negative relationships by red dashed arrows. Width of the lines is proportional to the significance (***p < 0.001, **p < 0.01, *p < 0.05) (and effect size)
of standardized model coefficient estimates. Coefficients of determination (R2) for explained variables are given below the variable names. See also Table 5.
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high variability that may be expected at the continental scale, tem-
perature, as well as Ndep, were the most consistent and strong en-
vironmental drivers for ΔVol. Temperature was positively correlated to
ΔVol for all species, whereas the relationship of Ndep to ΔVol was spe-
cies-specific (Fig. 5). Spruce showed the most distinct positive growth
response to Ndep, which was mainly determined by the increase of ΔVol
with Ndep < 10 kg N ha−1 yr−1. For beech, ΔVol was non-linearly
related to Ndep with a negative growth response beyond a threshold of
30 kg N ha−1 yr−1 (Fig. 5). For oak and pine, Ndep was not included as
significant predictor in the averaged LME models. POD1 (or AOT40)
was not included as significant predictor in any model.

Site quality indicators (foliar N, foliar P, soil pH): They were sig-
nificantly related to ΔVol or were included in interactions with Ndep for
spruce, pine and beech. Spruce ΔVol increased with foliar N con-
centrations and soil pH, and pine ΔVol increased with foliar P con-
centrations. Further, a negative interaction of Ndep with foliar N con-
centrations was found for spruce and beech.

3.4. Results derived from SEM

To explore the interactions of site quality and Ndep as well as those
of ozone, climate and Ndep in more detail, we conducted the SEM. SEM

Table 3
Significant coefficients (x, x2) and number of plots available (N, in brackets) of mixed effects models with forest increment (ΔVol) as response variable and plot as
random factor for the period 1995–2010. One model for each predictor variable as fixed effect was calculated, i.e., stand characteristics (SDI, age, altitude), climate
variables (mean temperature - Temp, precipitation sum - Prec, mean AET/PET), N deposition (NdepICPF and NdepEMEP), ozone metrics (POD1, AOT40) and site quality
parameters (foliar N concentrations - foliar N, foliar P concentrations - foliar P, soil pH). Squared terms (x2) of explaining variables were included to account for non-
linearity. Statistical significance is indicated by ***p < 0.001, **p < 0.01, *p < 0.05, . < 0.1. ‘n.s.’ indicates non-significant correlations.
Predictor (x,x2) Species

Spruce Pine Beech Oak

SDI 0.27x***-0.11x2** (297) 0.32x***-0.05 x2* (270) n.s. (2 0 1) 0.28x***-0.06 x2. (125)
Age −0.30x*** (297) −0.36x*** (270) −0.30x*** (201) −0.16x* (125)
Altitude 0.21x*-0.15 x2** (297) −0.42x***+0.05 x2. (270) −0.15x* (201) n.s. (125)
Temp 0.32x*** (297) 0.36x*** (266) 0.11x. (197) 0.11x. (122)
Prec 0.21x* (297) n.s. (266) n.s. (197) n.s. (122)
AET/PET −0.15x* (297) −0.21x***+0.10 x2** (266) n.s. (197) −0.15x. (122)
NdepICPF 0.47x***-0.27 x2*** (209) 0.38x***-0.17 x2*** (165) n.s. (109) n.s. (53)
NdepEMEP 0.45x*** −0.10 x2*** (297) 0.47x***-0.14 x2*** (270) 0.16x*-0.06 x2* (199) n.s. (125)
POD1 0.40x*** (297) 0.29x***-0.10 x2* (270) n.s. (199) n.s. (125)
AOT40 0.40x***-0.14 x2*** (297) 0.28x***-0.21 x2*** (270) −0.14x. (199) n.s. (125)
Foliar N 0.49x***-0.13 x2*** (251) 0.36x***-0.09 x2** (182) n.s. (188) n.s. (120)
Foliar P n.s. (251) 0.17x**-0.09 x2* (182) n.s. (188) n.s. (120)
Soil pH n.s. (271) −0.22x**+0.04 x2* (236) n.s. (149) n.s. (104)

Fig. 4. Relationship of ΔVol to NdepEMEP (a)-d)) and NdepICPF (e)-h)) for spruce, pine, beech and oak forests. Different colors indicate different inventory periods, the
black line indicates the best significant fit (p < 0.05) derived from linear mixed effects model (LME) per species. The red line indicates the threshold of Ndep of the
non-linear growth response.
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ectomycorrhizal community and tree growth data from >13,000
trees across long-term forest monitoring plots in Europe (Fig. 1a)
and matched this with molecular fungal taxonomic and functional
attributes. This allowed us to explicitly correlate EMF community
composition and genomic functional potentials with forest tree
growth and to simultaneously examine the influence of EMF
community attributes on tree growth while controlling for the
potential linear and non-linear effects of climate (mean annual
temperature and precipitation), N deposition, soil inorganic N
concentrations, and forest stand characteristics (broadleaf vs.
needleleaf, stand age, and tree density). Incorporating these
environmental predictors is especially important because it allows
us to statistically account for well-known drivers of tree growth
across the forest network where this work was conducted, notably
stand density and age, N deposition, and climate [38]. Previous
work has also demonstrated that these environmental variables
(plus geographic distance) collectively capture less than 40% of
the variation in EMF community composition [39]—which
indicates that the EMF and non-fungal predictors of tree growth
rate considered here can be disentangled. Lastly, we hierarchically
clustered EMF community composition and identified EMF species
and growth modalities indicative of communities in slow- versus
fast-growing forests.

MATERIALS AND METHODS
Data collection and processing
Forest inventory data. The International Co-operative Programme on
Assessment and Monitoring of Air Pollution Effects on Forests (ICP Forests)
has been intensively monitoring several hundred permanent forested plots
across Europe since 1995 or later [40]. Each intensive Level II monitoring
plot is at least 0.25 ha, and most trees with at least 5 cm diameter at breast
height (DBH) are identifiable by a unique number used to make periodic
measurements [41]. DBH was measured using a caliper or measuring tape
approximately every five years, a commonly used interval for estimating
forest growth and yield. Tree species identity is reported for every
measured tree, and each plot was classified by the dominant tree species
(>50% abundance). We used data from plots dominated by Pinus sylvestris
(Scots pine), Fagus sylvatica (European beech), Picea abies (Norway spruce),
and Quercus robur and Q. petraea (pedunculate and sessile oak; hereafter:
mixed oak).
We used periodic DBH observations to calculate a diameter increment

growth rate for each tree. We removed dead trees, trees with DBH < 5 cm,
and trees which shrank over the growth period which were occasionally
included in the census. To investigate long-term drivers of tree growth and
avoid potential short-term abnormalities, we used the first and last
periodic growth measurement to calculate diameter growth increment.
The entire period covered was 1999–2017, the mean initial census year
was 2005, the mean final census year was 2008, and the mean growth
interval was 5.5 years. Although there is some variation in the annual
sampling of tree growth versus the fungal community at some sites,

Fig. 1 Correlations between the ectomycorrhizal fungal community and tree growth rate across Europe. Map showing the ICP Forests
level II study plots with functional tree groups (broadleaf and needleleaf ) and dominant tree species (>50% cover) separated by color (a).
Correlation between tree growth and fungal community composition represented using principle coordinates analysis axis 1 (PCoA1; b; see
functional tree group colors from panel a), fungal energy and nutrient metabolism genes (c), fungal organic N cycling genes (i.e. genes
encoding for enzymes that EMF produce to access organic N, including peroxidases, multicopper oxidases, peptidases, and proteases (d), and
the number of gene models identified in the fungal genome as an indicator of metabolic activity (e). Fungal energy and nutrient metabolism
genes (i.e. ATP production, inorganic N metabolism) are a predefined KEGG metabolic pathway (Pathway 1.2) while organic N cycling genes
were aggregated using PFAMs annotations. Gene proportions were calculated as the number of specific gene sequences relative to total gene
numbers assigned to operational taxonomic units (OTUs; 97% sequence similarity) weighted based on relative taxon abundance (community
weighted mean; CWM). Number of gene models was also calculated as a CWM trait value. Values show predicted tree growth while controlling
for the influence of other covariates in the full statistical model (see Materials and Methods). Linear lines, confidence intervals (95%), and R2

values are displayed, and asterisks indicate significance (p ≤ 0.0001).
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Forest species diversity

Vascular plants

base-rich soils showed a marginally less negative trend
than species that prefer intermediate soil acidity
(P = 0.052 with a Tukey multiple comparison test of the
group means of an ANOVA, P = 0.066).

Site-specific trends of species cover

The trend coefficient (random effect) of 170 species was
significantly different between study sites (random
effect AIC > 10, SOM Table 1). Contrary to the general
trends, the site-specific changes of species cover
showed a number of relationships with Ellenberg indi-
cator values. First, the weighted change coefficient (cw)
of oligotrophic species (Ellenberg N values 1–3) was
significantly negatively related to ExCLempN (R² = 0.32,
P = 0.002). Hence, most plant species that have their
optimum under N limited conditions lost more cover in
study sites with a higher ExCLempN (Fig. 3). Only a

few oligotrophic species had no or an opposed relation-
ship (SOM Fig. 1). Eutrophic plant species (N value
7–9) showed no relationship with ExCLempN (R² = 0.04,
P = 0.440). Secondly, acidophilous species decreased
at sites with high ExCLempN (R² = 0.37, P = 0.001).
Species that prefer base-rich sites did not show any
trend (P = 0.916). The third significant negative rela-
tionship with ExCLempN was found for species that
occur at dry sites (R² = 0.37, P = 0.046). Shade-tolerant
species (Ellenberg L values 1–3) showed a marginally
significant increasing trend with ExCLempN (R² = 0.13,
P = 0.083), and species preferring high solar radiation
(L value 7–9) a marginally significant decreasing trend
(R² = 0.11, P = 0.097). No relationship was found
between Ellenberg temperature value and ExCLempN
(P > 0.69) (Fig. 3).
A number of trends in cw, which help to detect con-

founding effects of climate change were analysed: the

Fig. 3 Relationships between weighted averaged changes (cw) of the cover of forest floor plant species groups and CL exceedance

(ExCLempN). Species were grouped according to Ellenberg indicator values for nutrients (N), soil acidity (R), light (L), moisture (M)

and temperature (T) (1–3: open symbols, 7–9: filled symbols). ExCLempN is the difference between the canopy throughfall N deposition

and the minimum empirical CL for nitrogen (negative values indicate no exceedance). Positive cw indicates increasing cover of species

group, negative cw indicates decreasing cover (see Eqn 1). Significant linear regressions (P < 0.05, t-test) were found for oligotrophic

species (N value 1–3), acidophilous species (R value 1–3) and species preferring dry sites (M value 1–3). Marginally significant linear

regression (P < 0.1, t-test) was found for both light-demanding (L value 7–9) and shade-tolerant species (L value 1–3). The location of

the sites in different parts of Europe is indicated by different symbols (see also Fig. 1).
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Bryophytes

Table 2
Pearson correlation coefficients (plus level of significance and number of valid cases in brackets) between summary estimates from the assessment of the epiphytic lichens and
appropriate predictors.

Subset Predictor Log species richness Evenness %Macrolichens %Oligotrophs %MacroOligotrophs

Location Latitude !0.34**(81) !0.36**(79) 0.08 (81) 0.58***(83) 0.47***(83)
Longitude 0.00 (81) !0.11 (79) 0.18 (81) 0.42***(83) 0.52***(83)
Altitude 0.36**(81) 0.46***(79) 0.37**(81) !0.12 (83) 0.24*(83)
pHO 0.40***(69) 0.44**(67) 0.07 (69) 0.47***(71) !0.18 (71)
Rainfall 0.25*(66) 0.24 (64) !0.11 (66) !0.18 (68) !0.18 (68)

Forest structure Stand age 0.18 (78) 0.29*(76) !0.29**(78) !0.07 (80) !0.22 (80)
Stem density 0.32**(76) 0.26*(74) 0.16 (76) !0.06 (77) 0.15 (77)
Basal area 0.01 (76) 0.00 (74) !0.29*(76) 0.13 (77) !0.17 (77)
Clark–Evans index !0.53***(76) !0.54***(74) !0.01 (76) 0.39**(77) 0.17 (77)
Mean contagion 0.43***(76) 0.45***(74) 0.14 (76) !0.34**(77) !0.03 (77)
Std. dbh 0.20 (76) 0.31**(74) !0.43***(76) !0.05 (77) !0.38***(77)

Pollution log_S_SO2 !0.21 (61) !0.33*(59) !0.60***(61) !0.23 (63) !0.65***(63)
log_N_tot !0.18 (66) !0.23 (64) !0.72***(66) !0.23 (68) !0.73***(68)

pHO: pH in the organic layer, log_N_tot: logarithm of annual rates of wet throughfall deposition of total nitrogen, log_S_SO2: respective for sulphate.
* (Prob > F) 6 0.05.
** (Prob > F) 6 0.01.
*** (Prob > F) < 0.0001.

Table 3
Results of best multiple regression models explaining species richness, evenness and
%macrolichens (R2, sign of relationships) with predictors of different subsets,
significance level 60.05; all forest types.

Subset Predictor Log
species
richness
(n = 54)

Evenness
(n = 52)

%Macrolichens
(n = 54)

Location Latitude 0.048 (!)
Longitude 0.069 (+)
Altitude 0.313 (+) 0.070 (+)
pHO

a0.048 (+) 0.085 (+)
Rainfall

Forest structure Stand age 0.064 (+) 0.079 (!)
Stem density
Basal area
Clark–Evans index 0.234 (!)
Std dbh

Pollution log_S_SO2 0.074 (!)
log_N_tot 0.568 (!)

Total R2 (Pr > F) = 0.05 0.383 0.536 0.717

a Removed after latitude and longitude was selected.

Table 4
Results (R2, sign of relationships, significance level) from multiple regression models
with diversity measures for epiphytic lichens with predictors of different subsets for
all coniferous forests within the boreal/nemoral climate zone.

Subset Predictor Log
species
richness
(n = 19)

Evenness
(n = 18)

%Macrolichens
(n = 19)

Location Latitude
Longitude 0.290 (!)
Altitude 0.583 (+)
pHO

Rainfall 0.070 (+)

Forest structure Stand age
Stem density
Basal area
Clark–Evans index
Std dbh

Pollution lg_S_SO2 0.262 (!) 0.274 (!)
lg_N_tot 0.742 (!)

Total R2 (Pr > F) = 0.05 0.552 0.857 0.812

Fig. 3. Hierarchical partitioning of independent effects. All forest types.

a

b

CLO

Reference background

Fig. 4. Critical loads of N deposition on European ICP Forest plots considering the
%macrolichens. Plots with lowest depositions for which the response of %macroli-
chens was significantly different in the model was set as background reference
(dotted line). Their lower 95% confidence limit is calculated (line a) and the point
corresponding where this is met on the regression line is found (line b). The x
coordinate (logN deposition) of this latter represents the critical load (CLO).
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fungi at large scales have mainly been based on fruitbody surveys and 
thus assess specificity on taxonomic rather than abundance levels47. 
Host generalism is considered the rule48, but intensive belowground 
analysis indicates ectomycorrhizal fungal specificity to the most- 
common European trees matches or exceeds generalism on taxonomic 
and relative abundance levels, particularly for conifers. We find more 
conifer specialists and they respond strongly to environmental gradients;  
the implications of specificity and abundance merit investigation as 
they can reflect, respectively, more34,49 and less50 efficient nutritional 
mutualisms.

We use threshold indicator taxon analyses for the first time, to our 
knowledge, for fungi at a continental scale to identify distinct ectomy-
corrhizal responses to key environmental variables and clear thresh-
olds of change. Indicator species emerged for all key environmental 
variables, and several ectomycorrhizal taxa were indicators for more 
than one variable. Different fungi within a family, and even a genus, 
can be both positive and negative indicators for a variable; for instance, 
Thelephora terrestris and Tomentella castanea are negative and posi-
tive indicators for N:PF, respectively, and Lactarius rufus and Lactarius 
hepaticus are negative and positive indicators for NTFD, respectively. 
Nonetheless, genus-level analyses revealed most indicator species  
patterns hold true at higher taxonomic ranks (Extended Data Fig. 3). In 
some genera, the aggregate of species acts as indicator, although indi-
vidual species do not (for example, Sistotrema, Clavulina and Boletus for 
NTFD and KTFD). For several genera we find a different response to ele-
vated NTFD than previous studies, even those with consistent responses 
across studies39 (that is, Tomentella, Tylospora, Cenococcum, Hebeloma 
and Amanita). Furthermore, we confirm the response to elevated 
NTFD of several genera that has previously only been recorded in a few  
studies39 (that is, Clavulina, Elaphomyces, Boletus and Amphinema).

With increasing nitrogen availability, metabolically costly ways of 
obtaining nitrogen from complex soil organic sources are less cost- 
effective; fungi that use these pathways (for example, Cortinarius, 
Piloderma and Tricholoma) are at a disadvantage compared to fungi 
that use inorganic nitrogen (for example, Elaphomyces and Laccaria)39. 
Indeed, fungi that use organic nitrogen tended to be negative indicators 
for nitrogen deposition, and fungi that use inorganic nitrogen tended 
to be positive indicators.

Some indicator species for KTFD are abundant and widespread in 
Europe (for example, Elaphomyces asperulus, Lactarius quietus and 
Piloderma sphaerosporum); however, KTFD has not been identified as 
a key variable in previous ectomycorrhizal studies. A meta-analysis 
showed that in 69% of experiments tree growth responded posi-
tively to soil potassium increases51, but potassium is highly diffusible 
in soil and easily accessible for plants. Some KTFD may originate 

from canopy leaching; with acidifying pollution, potassium leaches 
and—if depleted in foliage and litter—potassium availability in 
soil organic matter could decrease. Moreover, potassium is taken 
up and translocated by ectomycorrhizal fungi in a specific manner 
(for example, ectomycorrhizal fungi with hydrophobins transfer 
less potassium)11. This is consistent with our results; most negative  
indicator genera were hydrophobic and most positive indicator genera  
were hydrophilic52.

Based on the large number of indicator species for MAT, climate 
should have an important role in shaping ectomycorrhizal communities, 
as suggested by fruiting phenology studies53. However, it is difficult to 
distinguish MAT from climate and therefore to know whether a fungus  
occurs somewhere because of prevalent temperatures. Nevertheless, 
current habitats may become less favourable for many ectomycorrhizal 
fungi as temperature increases.
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Fig. 4 | Threshold indicator taxa analyses. a, Individual OTU abundances 
in response to NTFD. Black symbols show taxa declining with increasing 
NTFD (z−), open symbols depict increasing taxa (z+). Symbol size 
is proportional to magnitude of response (z-score). Horizontal lines 
represent 5th and 95th quantiles of values resulting in the largest change in 
taxon z-scores among 1,000 bootstrap replicates. Tree shapes indicate host 
generalist, conifer- or broad-leaf-specific. b, Community-level output of 
accumulated z-scores per plot is shown in response to NTFD.
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Fig. 3 | Variation-partitioning Venn diagram. This diagram shows the 
percentages of individual contributions of host variables (host species, 
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by multiple partition models is shown where ellipses overlap. Values 
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partitions. Residual variance represents the percentage unexplained by the 
four partition models.
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Fig. 3 QGAM smooths for Pielou eveness. All other details as in Fig. 2

Table 2 Model results for species evenness. Approximate significance of the intercept, any parametric terms and the smooth terms 
for single variables and tensor product smooth terms for interactions

Pielou evenness
Predictors edf Chi.sq p

Smooth term (NH4, NO3) 4.23 21.29 < 0.001
Smooth term (canopy) 1.02 11.44 < 0.001
Smooth term (precipitation) 0.89 6.70 0.004
Smooth term (age) 0 0 0.52

Smooth term (pH) 0.62 1.59 0.09

Tensor product smooth term (longitude, latitude, year) 33.08 394.27 < 0.001
Parametric coefficient

Estimate Std. error z-value p

Intercept 0.76 0.01 56.1 < 0.001
Fixed effect (forest 
type)

−0.19 0.02 −10.2 < 0.001

Deviance explained = 55%
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fungi at large scales have mainly been based on fruitbody surveys and 
thus assess specificity on taxonomic rather than abundance levels47. 
Host generalism is considered the rule48, but intensive belowground 
analysis indicates ectomycorrhizal fungal specificity to the most- 
common European trees matches or exceeds generalism on taxonomic 
and relative abundance levels, particularly for conifers. We find more 
conifer specialists and they respond strongly to environmental gradients;  
the implications of specificity and abundance merit investigation as 
they can reflect, respectively, more34,49 and less50 efficient nutritional 
mutualisms.

We use threshold indicator taxon analyses for the first time, to our 
knowledge, for fungi at a continental scale to identify distinct ectomy-
corrhizal responses to key environmental variables and clear thresh-
olds of change. Indicator species emerged for all key environmental 
variables, and several ectomycorrhizal taxa were indicators for more 
than one variable. Different fungi within a family, and even a genus, 
can be both positive and negative indicators for a variable; for instance, 
Thelephora terrestris and Tomentella castanea are negative and posi-
tive indicators for N:PF, respectively, and Lactarius rufus and Lactarius 
hepaticus are negative and positive indicators for NTFD, respectively. 
Nonetheless, genus-level analyses revealed most indicator species  
patterns hold true at higher taxonomic ranks (Extended Data Fig. 3). In 
some genera, the aggregate of species acts as indicator, although indi-
vidual species do not (for example, Sistotrema, Clavulina and Boletus for 
NTFD and KTFD). For several genera we find a different response to ele-
vated NTFD than previous studies, even those with consistent responses 
across studies39 (that is, Tomentella, Tylospora, Cenococcum, Hebeloma 
and Amanita). Furthermore, we confirm the response to elevated 
NTFD of several genera that has previously only been recorded in a few  
studies39 (that is, Clavulina, Elaphomyces, Boletus and Amphinema).

With increasing nitrogen availability, metabolically costly ways of 
obtaining nitrogen from complex soil organic sources are less cost- 
effective; fungi that use these pathways (for example, Cortinarius, 
Piloderma and Tricholoma) are at a disadvantage compared to fungi 
that use inorganic nitrogen (for example, Elaphomyces and Laccaria)39. 
Indeed, fungi that use organic nitrogen tended to be negative indicators 
for nitrogen deposition, and fungi that use inorganic nitrogen tended 
to be positive indicators.

Some indicator species for KTFD are abundant and widespread in 
Europe (for example, Elaphomyces asperulus, Lactarius quietus and 
Piloderma sphaerosporum); however, KTFD has not been identified as 
a key variable in previous ectomycorrhizal studies. A meta-analysis 
showed that in 69% of experiments tree growth responded posi-
tively to soil potassium increases51, but potassium is highly diffusible 
in soil and easily accessible for plants. Some KTFD may originate 

from canopy leaching; with acidifying pollution, potassium leaches 
and—if depleted in foliage and litter—potassium availability in 
soil organic matter could decrease. Moreover, potassium is taken 
up and translocated by ectomycorrhizal fungi in a specific manner 
(for example, ectomycorrhizal fungi with hydrophobins transfer 
less potassium)11. This is consistent with our results; most negative  
indicator genera were hydrophobic and most positive indicator genera  
were hydrophilic52.

Based on the large number of indicator species for MAT, climate 
should have an important role in shaping ectomycorrhizal communities, 
as suggested by fruiting phenology studies53. However, it is difficult to 
distinguish MAT from climate and therefore to know whether a fungus  
occurs somewhere because of prevalent temperatures. Nevertheless, 
current habitats may become less favourable for many ectomycorrhizal 
fungi as temperature increases.
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Fig. 4 | Threshold indicator taxa analyses. a, Individual OTU abundances 
in response to NTFD. Black symbols show taxa declining with increasing 
NTFD (z−), open symbols depict increasing taxa (z+). Symbol size 
is proportional to magnitude of response (z-score). Horizontal lines 
represent 5th and 95th quantiles of values resulting in the largest change in 
taxon z-scores among 1,000 bootstrap replicates. Tree shapes indicate host 
generalist, conifer- or broad-leaf-specific. b, Community-level output of 
accumulated z-scores per plot is shown in response to NTFD.
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Fig. 3 | Variation-partitioning Venn diagram. This diagram shows the 
percentages of individual contributions of host variables (host species, 
foliar chemistry and defoliation), soil + deposition variables, climatic 
variables and geographical distance. The percentage of variance explained 
by multiple partition models is shown where ellipses overlap. Values 
in brackets show the total percentage of variance explained by the four 
partitions. Residual variance represents the percentage unexplained by the 
four partition models.
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Responses are probably mediated through fungal community
composition changes, as different EM fungi vary in their functional
traits, involving different soil exploration abilities and enzymatic
capabilities that determine their relative contributions to ecosystem
processes such as N and P acquisition and C sequestration
(Lilleskov et al., 2011; Kuyper, 2017).

The challenge of understanding belowground change

Temporal changes in community composition through gains and
losses of species, and their altered relative abundances and
dominance are central in ecology. So far it has been impossible to
study temporal change in fungi and the soil environment at large
scales, observationally or experimentally, due to the cryptic lifestyle
of soil fungi and the lack of a standardized baseline. This problem
fuelled an alternative approach, namely analysis of phenological
change in fruitbodies over the last few decades, which showed,
particularly forNorthernEurope, thatEMfungal reproductionhad
changed markedly, with the reproductive period becoming longer
(Boddy et al., 2014). However, whether changes in reproductive
phenology reflect changes in diversity, activity, abundance, biomass
and/or distribution of fungi and whether changes over time in
belowground communities can be inferred from changes along
spatial environmental gradients (van der Linde et al., 2018) remains
unknown. Lack of direct evidence of large-scale EM temporal
change in fungal community structure or function over time, long
available for farmore apparent organisms such as animals andplants
(Pecl et al., 2017), represents a fundamental knowledge gap, leading
to the roles of a keystone functional guild being largely intractable, a
‘black box’. Crucially, this situation seems to have prevented the
application of tipping point theory to mycorrhizal symbioses. For
example, major aboveground tree condition changes driven by
increasing N deposition leading to P limitation in trees have been
suggested to be causally linked to soil acidification, changes in fine
root biomass and EM fungal changes belowground, with worrying
trends in foliar nutrition (Jonard et al., 2015; Kr€uger et al., 2020),
defoliation and discoloration in EM conifers and broadleaves as N
deposition increases (Veresoglou et al., 2014). Given that the EM
sheath largely impedes direct contact between roots and the soil
solution, these studies invoke EM fungal changes as explanatory
mechanisms.

Mycorrhizal tipping points

Concept and mechanisms

In a strongly N-limited conifer forest (reflected in low needle N
concentrationandN : Pratio), thebiomassofEMfungi is veryhigh.
Nitrogen immobilization in EM mycelium, described as the
‘nitrogen trap’ by Franklin et al. (2014), can be so high that tree
growth becomes negatively related to tree C supply to EM fungi
(Henriksson et al., 2021). If N deposition increases, there will be an
initial positive effect for both tree and fungus (Lindahl &
Clemmensen, 2016). Many EM fungi favouring soils under severe
N-limitation form abundant hyphae and rhizomorphs (medium-
distance exploration type; Agerer, 2001) to acquire nutrients.These

hyphae and rhizomorphs contain large amounts of N and retain a
large proportion of acquired N (nitrogen trap). With further N
enrichment these EM fungi decline, because of the interaction
between reduced C allocation from tree to fungus and direct soil
effects, as these fungi, specialized for acquisition of N through
mining of soil organic matter, may be negatively impacted by high
mineral N levels, especially ammonium (Lilleskov et al., 2019).
Simultaneously, enhanced concentrations of mineral N stimulate
nitrotolerant ornitrophilicEMfungi that generally produce limited
extramatricalmycelium(short or contact soil exploration types) and
whose ability to immobilize N in mycelium is restricted. Increased
N therefore switches system feedbacks from negative (keeping the
forest N-trapped) to positive (decline of nitrophobic EM fungi
reduces N immobilization in mycelium and hence increases N
availability that benefits nitrotolerant and nitrophilic EM fungi),
resulting in increasing amounts of mineral N that further reduce
nitrophobic EM fungi (Fig. 2). This positive feedback will
ultimately result in ecosystem N-saturation and leaching of nitrate
and cations such asMg, Ca and K (Midgley& Phillips, 2014). The
strong feedbackwill result in a situationwhere finally small changes
in N inputs have large effects, most nitrophobes disappear, EM
fungal biomass declines, and while trees have access to sufficient N,
they increasingly run the risk of P-limitation and P-deficiency
(Fig. 2). This level of N deposition, where small changes result in
major effects, is the critical load determined by this tipping point.
Disentangling the major players in each response is critical.

While the above mechanism provides a positive feedback, as
demanded by tipping point theory, tipping points are more likely
to occur in ecosystems dominated by a small number of species,
with limited functional and response diversity (Scheffer, 2009).
However, whereas tree species diversity is low in boreal and
temperate EM forests, species richness of EM fungi can be high.
One may therefore wonder whether, with individualistic species
responses, the conditions for tipping points exist. We suggest
phylogenetic conservatism plays amajor role in this respect. Species
or lineages tend to retain ancestral traits over time and closely

Increased demand for P

Altered tree N : P ratios

Change in EM communities 

Altered tree growth

Increasing 
atmospheric N deposition

Increased N 
availability in soil

Decreasing high
mycelial biomass 
EM taxa 

Fig. 2 Feedbacks in forests. Increasing atmospheric nitrogen (N) deposition
is the external driver of a feedback between tree growth, ectomycorrhizal
(EM) fungal communities and tree foliar N : phosphorus (P), potentially
leading to a forest tipping point. Internal feedback leads to changes in EM
fungal communities.
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Responses are probably mediated through fungal community
composition changes, as different EM fungi vary in their functional
traits, involving different soil exploration abilities and enzymatic
capabilities that determine their relative contributions to ecosystem
processes such as N and P acquisition and C sequestration
(Lilleskov et al., 2011; Kuyper, 2017).

The challenge of understanding belowground change

Temporal changes in community composition through gains and
losses of species, and their altered relative abundances and
dominance are central in ecology. So far it has been impossible to
study temporal change in fungi and the soil environment at large
scales, observationally or experimentally, due to the cryptic lifestyle
of soil fungi and the lack of a standardized baseline. This problem
fuelled an alternative approach, namely analysis of phenological
change in fruitbodies over the last few decades, which showed,
particularly forNorthernEurope, thatEMfungal reproductionhad
changed markedly, with the reproductive period becoming longer
(Boddy et al., 2014). However, whether changes in reproductive
phenology reflect changes in diversity, activity, abundance, biomass
and/or distribution of fungi and whether changes over time in
belowground communities can be inferred from changes along
spatial environmental gradients (van der Linde et al., 2018) remains
unknown. Lack of direct evidence of large-scale EM temporal
change in fungal community structure or function over time, long
available for farmore apparent organisms such as animals andplants
(Pecl et al., 2017), represents a fundamental knowledge gap, leading
to the roles of a keystone functional guild being largely intractable, a
‘black box’. Crucially, this situation seems to have prevented the
application of tipping point theory to mycorrhizal symbioses. For
example, major aboveground tree condition changes driven by
increasing N deposition leading to P limitation in trees have been
suggested to be causally linked to soil acidification, changes in fine
root biomass and EM fungal changes belowground, with worrying
trends in foliar nutrition (Jonard et al., 2015; Kr€uger et al., 2020),
defoliation and discoloration in EM conifers and broadleaves as N
deposition increases (Veresoglou et al., 2014). Given that the EM
sheath largely impedes direct contact between roots and the soil
solution, these studies invoke EM fungal changes as explanatory
mechanisms.

Mycorrhizal tipping points

Concept and mechanisms

In a strongly N-limited conifer forest (reflected in low needle N
concentrationandN : Pratio), thebiomassofEMfungi is veryhigh.
Nitrogen immobilization in EM mycelium, described as the
‘nitrogen trap’ by Franklin et al. (2014), can be so high that tree
growth becomes negatively related to tree C supply to EM fungi
(Henriksson et al., 2021). If N deposition increases, there will be an
initial positive effect for both tree and fungus (Lindahl &
Clemmensen, 2016). Many EM fungi favouring soils under severe
N-limitation form abundant hyphae and rhizomorphs (medium-
distance exploration type; Agerer, 2001) to acquire nutrients.These

hyphae and rhizomorphs contain large amounts of N and retain a
large proportion of acquired N (nitrogen trap). With further N
enrichment these EM fungi decline, because of the interaction
between reduced C allocation from tree to fungus and direct soil
effects, as these fungi, specialized for acquisition of N through
mining of soil organic matter, may be negatively impacted by high
mineral N levels, especially ammonium (Lilleskov et al., 2019).
Simultaneously, enhanced concentrations of mineral N stimulate
nitrotolerant ornitrophilicEMfungi that generally produce limited
extramatricalmycelium(short or contact soil exploration types) and
whose ability to immobilize N in mycelium is restricted. Increased
N therefore switches system feedbacks from negative (keeping the
forest N-trapped) to positive (decline of nitrophobic EM fungi
reduces N immobilization in mycelium and hence increases N
availability that benefits nitrotolerant and nitrophilic EM fungi),
resulting in increasing amounts of mineral N that further reduce
nitrophobic EM fungi (Fig. 2). This positive feedback will
ultimately result in ecosystem N-saturation and leaching of nitrate
and cations such asMg, Ca and K (Midgley& Phillips, 2014). The
strong feedbackwill result in a situationwhere finally small changes
in N inputs have large effects, most nitrophobes disappear, EM
fungal biomass declines, and while trees have access to sufficient N,
they increasingly run the risk of P-limitation and P-deficiency
(Fig. 2). This level of N deposition, where small changes result in
major effects, is the critical load determined by this tipping point.
Disentangling the major players in each response is critical.

While the above mechanism provides a positive feedback, as
demanded by tipping point theory, tipping points are more likely
to occur in ecosystems dominated by a small number of species,
with limited functional and response diversity (Scheffer, 2009).
However, whereas tree species diversity is low in boreal and
temperate EM forests, species richness of EM fungi can be high.
One may therefore wonder whether, with individualistic species
responses, the conditions for tipping points exist. We suggest
phylogenetic conservatism plays amajor role in this respect. Species
or lineages tend to retain ancestral traits over time and closely
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Fig. 2 Feedbacks in forests. Increasing atmospheric nitrogen (N) deposition
is the external driver of a feedback between tree growth, ectomycorrhizal
(EM) fungal communities and tree foliar N : phosphorus (P), potentially
leading to a forest tipping point. Internal feedback leads to changes in EM
fungal communities.
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related species tend to occupy similar ecological niches (Crisp &
Cook, 2012). Although functional redundancy within genera
varies (e.g. within Cortinarius in Lindahl et al., 2021), many
congeneric EM fungal species have similar morphologies (Agerer,
2001) and physiologies (Lilleskov et al., 2011) and hence sensitivity
to N, so there could be concerted species turnover along an N-
deposition gradient.

Empirical evidence

We recently analysed c. 40 000 mycorrhizas of oak, spruce, pine
and beech across 137 long-term forest intensively monitored plots
in 20 European countries (van der Linde et al., 2018). Based on
threshold indicator taxon analysis (TITAN2, Baker&King, 2010) at
the community level, we observed sharp thresholds for change in
EM fungal species composition with changes in environmental and
tree conditions. At the species level, we detected indicator taxa
decreasing (z!) and increasing (z+) with increasing influential
variables. Moreover, some fungi appeared to show phenotypic
plasticity (Box 1), that is producing more or fewer hyphae and/or
rhizomorphs (within the same exploration type), depending on
environmental conditions. Phenotypic plasticity reflects how these
fungi adapt to, and might recover from, change.

The observed large-scale environmental thresholds in EM fungal
communities linked to N deposition and tree foliar N : P ratios
indicate a tipping point in forest ecosystems (Fig. 3). Ectomycor-
rhizal fungal richness and evenness decline sharply across large
spatial gradients of increasing atmospheric N deposition, with
major shifts in dominant fungi showing different functional traits
(exploration types) linked to changes in foliar N : P. These changes
in EM fungal species composition correlate with differential
preference for organic and inorganicN sources, and sensitivity toN
deposition (Hobbie & Agerer, 2010; Lilleskov et al., 2011, 2019;
Suz et al., 2014). The good match between our conceptual model
and the data (Fig. 4) calls for refinement of critical loads for N
deposition as assessment tools in these ecosystems and their

alignmentwithEMtipping points, where fungal communities shift
drastically in abundance, diversity, activity or species composition.
The exact tipping point will differ for different tree species and their
characteristic EM fungal communities (e.g. the critical load for
conifer-specific EM fungi is probably lower than for broadleaf-
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Fig. 3 Tipping point in forests linked to changes in ectomycorrhizas and tree
foliar nutrition. Small circles show the proportions (ectomycorrhizal (EM)
fungal cumulative frequency) at each of 137 forest monitoring plots (ICP
Forests) of EM fungi showing significantly contrasting relationships – dark
grey (z!), mostly decreasing vs light grey (z+), mostly increasing –with tree
foliar nitrogen (N) : phosphorus (P) ratios. Ectomycorrhizal community
composition shifts for z! and z+ taxa at increasing foliar N : P ratios at two
thresholds. The potential of change leading to a tipping point is indicated by
the curve and the purple area (tipping point domain). When phenotypic
plasticity occurs in EM fungal communities, lagged responses delaying the
forest tipping point are indicated with a darker shade of purple. Changes in
EM fungal communities (C1 to C2) lead to a tipping point in the forest
ecosystem that shift to an alternative ecosystem state (nutritionally
imbalanced trees, from state A to state B). Based on van der Linde et al.
(2018).
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Fig. 4 Empirical data supporting the concept of a tipping point in forests
linked tochanges inectomycorrhizas and tree foliar nutrition. Eachdatapoint
results from the difference between the cumulative response of taxa
decreasing and the cumulative response of taxa increasing, calculated by
subtracting cumulative z+ (increasing taxa) fromz! (decreasing taxa) values
of the ectomycorrhizal (EM) communities at each of 137 forest monitoring
plots (van der Linde et al., 2018). The tipping point domain is in purple.

Box 1 Defining forest tipping point and potential response and
effect traits.

Ecosystem tipping point: Shift to nutritionally deficient forest trees
and soil eutrophication.
Organisms: EM fungi and EM trees.
Environmental drivers: Nitrogen deposition, increased CO2, phos-
phorus limitation.
Response and effect traits: Hyphae, rhizomorphs, exoenzyme
release, species turnover or extinction, N-mobilizing traits, P-
mobilizing traits in EM fungal communities.
Ecosystem effects of trait change: Tree nutritional deficiencies (tree
foliar N : P), soil eutrophication.
Forest stable states: Healthy trees and soils vs nutritionally imbal-
anced trees and eutrophic soils.
EM fungal phenotypic plasticity: Intraspecific variation in the
production of hyphae and rhizomorphs within the same soil explo-
ration type.
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For ICP Forests sites in areas with comparatively high 
rates of nitrogen deposition, primarily Central Europe, 
current levels of inorganic nitrogen in throughfall are 
around 10–20 kg N ha-1 y-1. In other areas, for example 
northern Scandinavia, throughfall deposition is often 
below 5 kg N ha-1 y-1. 

Throughfall deposition at individual sites ranges 
from 0.3 to 29 kg N ha-1 y-1, with a median of 
9 kg N ha-1 y-1. On average, the contribution from 
ammonium and nitrate is roughly equal. 

The thresholds for total nitrogen deposition to forest 
ecosystems below which adverse eff ects are not 
expected – the ‘critical load’ – are 10–20 kg N ha-1 y-1 for 
deciduous forests and 5–15 kg N ha-1 y-1 for coniferous 
forests. Measurements show that these thresholds are 
currently exceeded at many forest sites in Europe.

Although deposition rates of inorganic nitrogen in 
throughfall are currently high at many ICP Forests sites, 
measurements show a clear decrease at most sites 
between 2000 and 2015, especially at the highly polluted 
sites. The third of sites with the highest initial (2000–2004) 
rate of throughfall deposition show a median reduction of 
24% between 2000 and 2015, whereas the third of sites 
with the lowest initial (2000–2004) rate of throughfall 
deposition show a corresponding reduction of 16%. 

On many sites, throughfall deposition of nitrate 
decreased faster than for ammonium. Overall, nitrate 
deposition decreased by 26% and ammonium by 18% 
between 2000 and 2015.

Inorganic nitrogen deposition to forest ecosystems

Recent trends

Current status

 Relative change in throughfall deposition of inorganic 
nitrogen at ICP Forests intensive monitoring plots between 
2000 and 2015. Uncertainty is greater for those estimates that 
are not statistically significant.

B R I E F  #2  2018  2018

2

Throughfall deposition (kg N ha-1 y-1)
>15
10 to 15
5 to 10
2.5 to 5
0 to 2.5
Woodland

Relative change 2000-2015 (%)
>30
10 to 30
0 to 10
0 to -10
-10 to -30
<-30

Not statistically
significant
Statistically
significant

Woodland

 Trends over time (1996-2016) in foliar N:P ratios 
for coniferous trees (Scots pine, Norway spruce) and 
broadleaf trees (European beech, temperate oaks) 
at ICP Forests Level II intensive monitoring sites 
across Europe.

 Mean foliar N:P ratios for the period 2007-2016 
period assessed against the critical limit for optimal 
nutrition for coniferous trees (Scots pine, Norway 
spruce) and broadleaf trees (European beech, 
temperate oaks) at ICP Forests Level II intensive 
monitoring sites across Europe.

Current status
Foliar N:P ratios in broadleaf forests across 
Europe for the period 2007-2016 varied between 
10.3 and 34.1, with an overall average of 20.2. 
Ratios at more than half the study sites (56%) were 
above the critical limit for optimal nutrition. For all 
sites, this is due to both high foliar N and low foliar 
P concentrations.

Foliar N:P ratios were lower in coniferous forests, 
ranging from 5.3 to 20.9, with an average of 9.6. 
Ratios at over 80% of the study sites were within 
the optimal nutrition range. The few sites with low 
N:P ratios, indicating limited availability of N, are 
mostly in northern Europe or in mountain areas. 
In contrast, sites with high N:P ratios, indicating low 
availability of P relative to N, occur all over Europe.

Recent trends
Overall, both foliar N and foliar P concentrations 
have decreased significantly at ICP Forests 
monitoring sites over the past two decades for 
both broadleaf and coniferous trees. The rate of 
decrease in foliar P is more than double that for 
foliar N, resulting in a shift towards higher N:P 
ratios. Although certain sites show a trend towards 
lower N:P ratios, the number of sites with N:P ratios 
above corresponding, species-specific limit values 
have increased for both broadleaf and coniferous 
forests, showing an increasing imbalance in tree 
nutrition across Europe.

Trends in N:P ratios from 1996 to 2016

Trend  statistically significant increase in N P ratio

Trend  non-significant increase in N P ratio
Trend  non-significant decrease in N P ratio
Trend  statistically significant decrease in N P ratio

Forest Type

Coniferous
roadleaf
oodland

Tree species specific nutrient classes 
corresponding to the mean N:P ratio 
of the 2007-2016 period

Class 1: below the N:P lower critical limit

Class 2: optimal range
Class 3: above the N:P upper critical limit

Forest Type

Coniferous
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Woodland
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ectomycorrhizal community and tree growth data from >13,000
trees across long-term forest monitoring plots in Europe (Fig. 1a)
and matched this with molecular fungal taxonomic and functional
attributes. This allowed us to explicitly correlate EMF community
composition and genomic functional potentials with forest tree
growth and to simultaneously examine the influence of EMF
community attributes on tree growth while controlling for the
potential linear and non-linear effects of climate (mean annual
temperature and precipitation), N deposition, soil inorganic N
concentrations, and forest stand characteristics (broadleaf vs.
needleleaf, stand age, and tree density). Incorporating these
environmental predictors is especially important because it allows
us to statistically account for well-known drivers of tree growth
across the forest network where this work was conducted, notably
stand density and age, N deposition, and climate [38]. Previous
work has also demonstrated that these environmental variables
(plus geographic distance) collectively capture less than 40% of
the variation in EMF community composition [39]—which
indicates that the EMF and non-fungal predictors of tree growth
rate considered here can be disentangled. Lastly, we hierarchically
clustered EMF community composition and identified EMF species
and growth modalities indicative of communities in slow- versus
fast-growing forests.

MATERIALS AND METHODS
Data collection and processing
Forest inventory data. The International Co-operative Programme on
Assessment and Monitoring of Air Pollution Effects on Forests (ICP Forests)
has been intensively monitoring several hundred permanent forested plots
across Europe since 1995 or later [40]. Each intensive Level II monitoring
plot is at least 0.25 ha, and most trees with at least 5 cm diameter at breast
height (DBH) are identifiable by a unique number used to make periodic
measurements [41]. DBH was measured using a caliper or measuring tape
approximately every five years, a commonly used interval for estimating
forest growth and yield. Tree species identity is reported for every
measured tree, and each plot was classified by the dominant tree species
(>50% abundance). We used data from plots dominated by Pinus sylvestris
(Scots pine), Fagus sylvatica (European beech), Picea abies (Norway spruce),
and Quercus robur and Q. petraea (pedunculate and sessile oak; hereafter:
mixed oak).
We used periodic DBH observations to calculate a diameter increment

growth rate for each tree. We removed dead trees, trees with DBH < 5 cm,
and trees which shrank over the growth period which were occasionally
included in the census. To investigate long-term drivers of tree growth and
avoid potential short-term abnormalities, we used the first and last
periodic growth measurement to calculate diameter growth increment.
The entire period covered was 1999–2017, the mean initial census year
was 2005, the mean final census year was 2008, and the mean growth
interval was 5.5 years. Although there is some variation in the annual
sampling of tree growth versus the fungal community at some sites,

Fig. 1 Correlations between the ectomycorrhizal fungal community and tree growth rate across Europe. Map showing the ICP Forests
level II study plots with functional tree groups (broadleaf and needleleaf ) and dominant tree species (>50% cover) separated by color (a).
Correlation between tree growth and fungal community composition represented using principle coordinates analysis axis 1 (PCoA1; b; see
functional tree group colors from panel a), fungal energy and nutrient metabolism genes (c), fungal organic N cycling genes (i.e. genes
encoding for enzymes that EMF produce to access organic N, including peroxidases, multicopper oxidases, peptidases, and proteases (d), and
the number of gene models identified in the fungal genome as an indicator of metabolic activity (e). Fungal energy and nutrient metabolism
genes (i.e. ATP production, inorganic N metabolism) are a predefined KEGG metabolic pathway (Pathway 1.2) while organic N cycling genes
were aggregated using PFAMs annotations. Gene proportions were calculated as the number of specific gene sequences relative to total gene
numbers assigned to operational taxonomic units (OTUs; 97% sequence similarity) weighted based on relative taxon abundance (community
weighted mean; CWM). Number of gene models was also calculated as a CWM trait value. Values show predicted tree growth while controlling
for the influence of other covariates in the full statistical model (see Materials and Methods). Linear lines, confidence intervals (95%), and R2

values are displayed, and asterisks indicate significance (p ≤ 0.0001).
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high variability that may be expected at the continental scale, tem-
perature, as well as Ndep, were the most consistent and strong en-
vironmental drivers for ΔVol. Temperature was positively correlated to
ΔVol for all species, whereas the relationship of Ndep to ΔVol was spe-
cies-specific (Fig. 5). Spruce showed the most distinct positive growth
response to Ndep, which was mainly determined by the increase of ΔVol
with Ndep < 10 kg N ha−1 yr−1. For beech, ΔVol was non-linearly
related to Ndep with a negative growth response beyond a threshold of
30 kg N ha−1 yr−1 (Fig. 5). For oak and pine, Ndep was not included as
significant predictor in the averaged LME models. POD1 (or AOT40)
was not included as significant predictor in any model.

Site quality indicators (foliar N, foliar P, soil pH): They were sig-
nificantly related to ΔVol or were included in interactions with Ndep for
spruce, pine and beech. Spruce ΔVol increased with foliar N con-
centrations and soil pH, and pine ΔVol increased with foliar P con-
centrations. Further, a negative interaction of Ndep with foliar N con-
centrations was found for spruce and beech.

3.4. Results derived from SEM

To explore the interactions of site quality and Ndep as well as those
of ozone, climate and Ndep in more detail, we conducted the SEM. SEM

Table 3
Significant coefficients (x, x2) and number of plots available (N, in brackets) of mixed effects models with forest increment (ΔVol) as response variable and plot as
random factor for the period 1995–2010. One model for each predictor variable as fixed effect was calculated, i.e., stand characteristics (SDI, age, altitude), climate
variables (mean temperature - Temp, precipitation sum - Prec, mean AET/PET), N deposition (NdepICPF and NdepEMEP), ozone metrics (POD1, AOT40) and site quality
parameters (foliar N concentrations - foliar N, foliar P concentrations - foliar P, soil pH). Squared terms (x2) of explaining variables were included to account for non-
linearity. Statistical significance is indicated by ***p < 0.001, **p < 0.01, *p < 0.05, . < 0.1. ‘n.s.’ indicates non-significant correlations.
Predictor (x,x2) Species

Spruce Pine Beech Oak

SDI 0.27x***-0.11x2** (297) 0.32x***-0.05 x2* (270) n.s. (2 0 1) 0.28x***-0.06 x2. (125)
Age −0.30x*** (297) −0.36x*** (270) −0.30x*** (201) −0.16x* (125)
Altitude 0.21x*-0.15 x2** (297) −0.42x***+0.05 x2. (270) −0.15x* (201) n.s. (125)
Temp 0.32x*** (297) 0.36x*** (266) 0.11x. (197) 0.11x. (122)
Prec 0.21x* (297) n.s. (266) n.s. (197) n.s. (122)
AET/PET −0.15x* (297) −0.21x***+0.10 x2** (266) n.s. (197) −0.15x. (122)
NdepICPF 0.47x***-0.27 x2*** (209) 0.38x***-0.17 x2*** (165) n.s. (109) n.s. (53)
NdepEMEP 0.45x*** −0.10 x2*** (297) 0.47x***-0.14 x2*** (270) 0.16x*-0.06 x2* (199) n.s. (125)
POD1 0.40x*** (297) 0.29x***-0.10 x2* (270) n.s. (199) n.s. (125)
AOT40 0.40x***-0.14 x2*** (297) 0.28x***-0.21 x2*** (270) −0.14x. (199) n.s. (125)
Foliar N 0.49x***-0.13 x2*** (251) 0.36x***-0.09 x2** (182) n.s. (188) n.s. (120)
Foliar P n.s. (251) 0.17x**-0.09 x2* (182) n.s. (188) n.s. (120)
Soil pH n.s. (271) −0.22x**+0.04 x2* (236) n.s. (149) n.s. (104)

Fig. 4. Relationship of ΔVol to NdepEMEP (a)-d)) and NdepICPF (e)-h)) for spruce, pine, beech and oak forests. Different colors indicate different inventory periods, the
black line indicates the best significant fit (p < 0.05) derived from linear mixed effects model (LME) per species. The red line indicates the threshold of Ndep of the
non-linear growth response.
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high variability that may be expected at the continental scale, tem-
perature, as well as Ndep, were the most consistent and strong en-
vironmental drivers for ΔVol. Temperature was positively correlated to
ΔVol for all species, whereas the relationship of Ndep to ΔVol was spe-
cies-specific (Fig. 5). Spruce showed the most distinct positive growth
response to Ndep, which was mainly determined by the increase of ΔVol
with Ndep < 10 kg N ha−1 yr−1. For beech, ΔVol was non-linearly
related to Ndep with a negative growth response beyond a threshold of
30 kg N ha−1 yr−1 (Fig. 5). For oak and pine, Ndep was not included as
significant predictor in the averaged LME models. POD1 (or AOT40)
was not included as significant predictor in any model.

Site quality indicators (foliar N, foliar P, soil pH): They were sig-
nificantly related to ΔVol or were included in interactions with Ndep for
spruce, pine and beech. Spruce ΔVol increased with foliar N con-
centrations and soil pH, and pine ΔVol increased with foliar P con-
centrations. Further, a negative interaction of Ndep with foliar N con-
centrations was found for spruce and beech.

3.4. Results derived from SEM

To explore the interactions of site quality and Ndep as well as those
of ozone, climate and Ndep in more detail, we conducted the SEM. SEM
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EM fungi and tipping points in forest ecosystem
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(i) Operational

• Existing ground-based plots infrastructure with long-term data legacy:

• covering all fields considered by the draft regulation (+ soil);

• for the validation of data originated by the remote sensing component.

• Already harmonized methodologies.

• Already established formal QA/QC procedures.

• Model for governance and data access policy.

(iii) Financial
See (i) + capitalizing the past EC investments after the EC Regulation 3528/86.

(iii) Conceptual
• Bridging the gap between detection/quantification and understanding.
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2.1  Developing an innovative vision and long-term 
strategy

The vision for the SwissAIM initiative was developed 
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health; forest inventory and monitoring; biodiversity; soil 
and biogeochemistry; remote sensing and land change 
science; social sciences—see Ferretti et al. 2021) and the 
following overarching requirements that can be consid-
ered of relevance for AIM initiatives in general:

 (i) Statistical perspective. AIM has to provide defensi-
ble results with known uncertainty. Here, a sound 
statistical perspective is essential for forest status 
and change estimation.

 (ii) Holistic and integrative nature. AIM should con-
sider all compartments of forest ecosystems (e.g., 
atmosphere; vegetation—from trees to lichens; 
soil), the different trophic levels (from producers 
to consumers), and the social dimensions (e.g., rec-
reation, cultural values, management, and policy 
needs). Therefore, AIM initatives need a transdis-
ciplinary, multifaceted perspective and will make 
use of terrestrial, close-range and remote sensing 

observation, and advanced tools and techniques 
(e.g., sensor networks, eDNA).

 (iii) Temporal resolution. AIM should increase the 
temporal resolution of measurements as com-
pared to the traditional, multi-annual NFI cycles 
(e.g., 9 years for the Swiss NFI), allowing for effec-
tive and timely detection of status and changes. 
For those attributes potentially subject to changes 
over the growing season (e.g., tree canopy and veg-
etation attributes) annual or even repeated intra-
annual measurements should be considered. This 
will favor timely reporting, able to catch the pulse 
of forests, and tailor to the needs of all stakeholders 
for timely management and policy responses.

The overall SwissAIM vision then emerged as follows 
(Fig. 2):

“An integrated terrestrial and remote sensing 
observation system based on a permanent panel of 
enhanced NFI plots, that will provide high quality 
periodical (intra-annual, annual, multi-annual) 
results with known statistical errors for status, 

Fig. 2 Conceptual vision for the SwissAIM as an integrated inventorying and monitoring system. Moving from existing spatially and/or temporally 
segregated individual IM activity (bottom left, A) to co-located terrestrial measurements (middle, B) to highly integrated terrestrial, remote sensing, 
and model-oriented AIM (top right, C)

Ferretti et al. Annals of Forest Science (2024) 81:6
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A possible example: the SwissAIM initiative



Outline
• Is the monitoring network 

assessing forest resilience and 
how?

• How could the monitoring 
network contribute to the 
Forest monitoring Law 
(currently at the proposal 
stage)?

• What is the first step that 
should be taken to build 
synergies with other 
monitoring initiatives?

Swiss Federal
Research Institute WSL 



(i) Revising, further developing, and updating the 
suggested monitoring concept also beyond the NFIs.

• by leveraging the existing and available internationally 
co-ordinated monitoring networks. 

(ii) Identifying and exploiting complementarities and 
synergies 
• between existing and available internationally co-

ordinated monitoring networks, filling gaps when 
necessary.

(iii) Developing an institutional framework 
• for a collaborative multi-level, multi-tier integrated 

ground-based and remote sensing forest monitoring 
system.

Forest Ecology and Management 561 (2024) 121875
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A B S T R A C T   

Forests are increasingly affected by global change. Building resilient forests requires – amongst others - 
leveraging the wealth of knowledge from existing ground-based, field inventory and monitoring programs as well 
as Earth Observation systems to better assess the status, detect changes, understand processes, predict future 
dynamics, and guide forest management. A proposal from the European Commission for a new forest monitoring 
framework at the European level aims in this direction but lacks the integration of some crucial and readily 
available resources and infrastructures. For this reason, the proposal risks to be a missed opportunity rather than 
a step forward. Here we provide suggestions to help reconciling the proposal with its objectives and a more 
comprehensive monitoring vision.   

The ability of world’s forest to provide their services and contribute 
to achieving climate targets is increasingly threatened by global changes 
(Burgess et al., 2022; Korosuo et al., 2023; Senf et al., 2021; van der 
Woude et al., 2023). New information requirements place challenges on 
forest inventorying and monitoring systems: they need to develop and 
become timelier and more comprehensive and expand beyond their 
traditional objective of assessing status and changes to better contribute 
to a more complete understanding of forest functioning (Futter et al., 
2023; Gessler et al., 2022; Zweifel et al., 2023). Such a development is 
essential to better model forest dynamics, identify future scenarios of 

ecosystem functioning, guide management, and inform policy makers. 
Here, advanced inventory and monitoring programs with an augmented 
portfolio of attributes and fully integrated field measurements combined 
with proximal and remote sensing components can offer considerable 
advantages (Ferretti et al., 2024b). 

Recently, the European Commission recognized these needs and 
proposed a framework regulation for a coordinated European Union 
(EU) forest monitoring (European Commission, 2023a, hereafter 
referred to as “the proposal”). It is based on the EU Forest Strategy 2030 
(European Commission, 2021) and has been developed through a public 
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Cold war lessons for 
Arctic diplomacy

Russia’s threat to withdraw 
from the Arctic Council is a 
matter for global concern, with 
burning cold-war security issues 
becoming hot again. Since 1996, 
the council has been the high-
level forum dealing with common 
Arctic issues through science and 
dialogue. But, as stipulated in its 
founding Ottawa Declaration, 
it “should not deal with matters 
related to military security”. 

This wisdom was abandoned 
nine days after the full-scale 
Russian invasion of Ukraine in 
February 2022, when the seven 
other Arctic Council states 
issued a joint statement “pausing 
participation in all meetings of 
the Council and its subsidiary 
bodies”. This pause in dialogue 
is becoming permanent, 
undermining open science along 
with climate and other research 
in the Arctic. But more than that, 
the continuing lack of dialogue 
among allies and adversaries 
alike is the beginning of conflict.  

Lessons from after the Second 
World War should be heeded 
now. The third International 
Polar Year (IPY), which became 
the International Geophysical 
Year (IGY) 1957–58, led directly 
to cooperation between the 
United States and Soviet Union 
in Antarctica as well as space 
throughout the cold war. The 
IGY facilitated the 1959 Antarctic 
Treaty, which became the first 
nuclear-arms agreement and 
template for the Arctic Council, 
with continuous cooperation 
among superpower adversaries. 
The fifth IPY, in 2032–33, offers a 
practical time horizon to reverse 
the deterioration of East–West 
relations, again with science 
diplomacy and common-
interest building.

Paul Arthur Berkman Science 
Diplomacy Center, Falmouth, 
Massachusetts, USA. 
pab@scidiplo.org

Europe must join 
forces to monitor its 
forests

Last November, the European 
Commission proposed a 
regulation to establish a 
coordinated monitoring 
framework for resilient forests 
using a combination of imagery 
from the European Union’s 
Copernicus Earth-observation 
satellites and in situ data, mainly 
from national forest inventories. 
The proposal is based on the 
premise that forest monitoring 
in Europe is “fragmented and 
patchy”, with no fully developed 
“consistent, transnational data-
gathering approach”. 

This premise, however, 
is misleading. In 1986, the 
commission launched a 
coordinated forest monitoring 
scheme, which evolved 
in cooperation with the 
International Co-operative 
Programme on Assessment 
and Monitoring of Air Pollution 
Effects on Forests (ICP Forests), 
which I currently chair. The 
programme now covers 
37 European countries and has 
a comprehensive portfolio of 
harmonized, quality-assured 
methodologies, databases and 
governance. 

Such infrastructures can 
provide essential data to explain 
changes in forest conditions 
and to understand processes, 
both key aspects when aiming 
to build resilient forests. At a 
time of increased signals of 
forest vulnerability, it would be 
a missed opportunity not to take 
advantage of all the available 
resources for the future 
European forest monitoring 
system.

Marco Ferretti Swiss Federal 
Institute for Forest, Snow 
and Landscape Research, 
Birmensdorf, Switzerland. 
marco.ferretti@wsl.ch
The author declares competing interests; 
see go.nature.com/49gphse for details.

Long COVID needs 
novel clinical trials

Diagnostic biomarkers and 
effective therapies are urgently 
needed for the millions of people 
living with long COVID. But the 
challenges of designing and 
conducting clinical trials mean 
that only large, well-funded 
academic centres can engage 
with the problem.

We propose an alternative 
approach, based on interactions 
between clinician–patient pairs 
and researchers. Before clinical 
trials, an online platform could 
enable the peer review of trial 
designs and plans for statistical 
analyses. After recruitment, the 
focus would shift to clinician- and 
patient-reported outcomes and 
biomarker read-outs, ideally 
from wearable technologies. 

During treatment, a cloud-
based system could be used 
to report adverse events and 
real-time biomarker read-outs, 
with general practitioners 
providing an untapped source 
of data. After treatment, the 
peer-review system could make 
data accessible to all relevant 
researchers.

We are confident that this 
‘grassroots’ system would avoid 
long COVID problems that 
can plague clinical trials: low 
enrolment, late or missing trial 
reporting and faked or fatally 
flawed results.

Marc Jamoulle University of 
Liège, Liège, Belgium.

Elena Louazon Université Libre de 
Bruxelles, Brussels, Belgium.

Tomaso Antonacci Belgian 
Association of Long COVID 
Patients, Brussels, Belgium.
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Train taxonomists to 
save biodiversity

Species extinctions are speeding 
up worldwide. Biodiversity 
monitoring and assessment must 
underpin efforts to tackle this 
crisis (E. Tekwa et al. Phil. Trans. 
R. Soc. B 378, 20220181; 2023). 
Yet expertise in taxonomy, the 
scientific basis for biodiversity 
research and management, has 
been in decline.

University credit hours 
in taxonomy that have 
been reallocated to fields 
such as molecular biology 
or biotechnology should 
be reinstated. Training in 
technologies such as digital 
and virtual-reality herbaria, 
wildlife camera traps and 
environmental-DNA analysis 
should be combined with 
schooling in empirical research 
practices. Community scientists 
and Indigenous people play an 
important part in conservation, 
and trained members of local 
groups could bolster volunteer 
efforts to monitor biodiversity. 

Artificial intelligence can also 
help: trained on large taxonomic 
data sets, it could be used to 
recognize plant morphologies 
or animal audio recordings to 
aid species identification, for 
example. Such initiatives could 
fill gaps in expertise and help 
to achieve the United Nations 
Sustainable Development Goals 
for biodiversity conservation by 
2030.
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of Shandong, Jinan, China. 
ecologyliu@163.com

Julian R. Thompson University 
College London, London, UK.

Jun Gao Nanjing Institute of 
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harmonized, quality-assured 
methodologies, databases and 
governance. 

Such infrastructures can 
provide essential data to explain 
changes in forest conditions 
and to understand processes, 
both key aspects when aiming 
to build resilient forests. At a 
time of increased signals of 
forest vulnerability, it would be 
a missed opportunity not to take 
advantage of all the available 
resources for the future 
European forest monitoring 
system.
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Long COVID needs 
novel clinical trials

Diagnostic biomarkers and 
effective therapies are urgently 
needed for the millions of people 
living with long COVID. But the 
challenges of designing and 
conducting clinical trials mean 
that only large, well-funded 
academic centres can engage 
with the problem.

We propose an alternative 
approach, based on interactions 
between clinician–patient pairs 
and researchers. Before clinical 
trials, an online platform could 
enable the peer review of trial 
designs and plans for statistical 
analyses. After recruitment, the 
focus would shift to clinician- and 
patient-reported outcomes and 
biomarker read-outs, ideally 
from wearable technologies. 

During treatment, a cloud-
based system could be used 
to report adverse events and 
real-time biomarker read-outs, 
with general practitioners 
providing an untapped source 
of data. After treatment, the 
peer-review system could make 
data accessible to all relevant 
researchers.

We are confident that this 
‘grassroots’ system would avoid 
long COVID problems that 
can plague clinical trials: low 
enrolment, late or missing trial 
reporting and faked or fatally 
flawed results.
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Train taxonomists to 
save biodiversity

Species extinctions are speeding 
up worldwide. Biodiversity 
monitoring and assessment must 
underpin efforts to tackle this 
crisis (E. Tekwa et al. Phil. Trans. 
R. Soc. B 378, 20220181; 2023). 
Yet expertise in taxonomy, the 
scientific basis for biodiversity 
research and management, has 
been in decline.

University credit hours 
in taxonomy that have 
been reallocated to fields 
such as molecular biology 
or biotechnology should 
be reinstated. Training in 
technologies such as digital 
and virtual-reality herbaria, 
wildlife camera traps and 
environmental-DNA analysis 
should be combined with 
schooling in empirical research 
practices. Community scientists 
and Indigenous people play an 
important part in conservation, 
and trained members of local 
groups could bolster volunteer 
efforts to monitor biodiversity. 

Artificial intelligence can also 
help: trained on large taxonomic 
data sets, it could be used to 
recognize plant morphologies 
or animal audio recordings to 
aid species identification, for 
example. Such initiatives could 
fill gaps in expertise and help 
to achieve the United Nations 
Sustainable Development Goals 
for biodiversity conservation by 
2030.
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Cold war lessons for 
Arctic diplomacy

Russia’s threat to withdraw 
from the Arctic Council is a 
matter for global concern, with 
burning cold-war security issues 
becoming hot again. Since 1996, 
the council has been the high-
level forum dealing with common 
Arctic issues through science and 
dialogue. But, as stipulated in its 
founding Ottawa Declaration, 
it “should not deal with matters 
related to military security”. 

This wisdom was abandoned 
nine days after the full-scale 
Russian invasion of Ukraine in 
February 2022, when the seven 
other Arctic Council states 
issued a joint statement “pausing 
participation in all meetings of 
the Council and its subsidiary 
bodies”. This pause in dialogue 
is becoming permanent, 
undermining open science along 
with climate and other research 
in the Arctic. But more than that, 
the continuing lack of dialogue 
among allies and adversaries 
alike is the beginning of conflict.  

Lessons from after the Second 
World War should be heeded 
now. The third International 
Polar Year (IPY), which became 
the International Geophysical 
Year (IGY) 1957–58, led directly 
to cooperation between the 
United States and Soviet Union 
in Antarctica as well as space 
throughout the cold war. The 
IGY facilitated the 1959 Antarctic 
Treaty, which became the first 
nuclear-arms agreement and 
template for the Arctic Council, 
with continuous cooperation 
among superpower adversaries. 
The fifth IPY, in 2032–33, offers a 
practical time horizon to reverse 
the deterioration of East–West 
relations, again with science 
diplomacy and common-
interest building.
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Europe must join 
forces to monitor its 
forests

Last November, the European 
Commission proposed a 
regulation to establish a 
coordinated monitoring 
framework for resilient forests 
using a combination of imagery 
from the European Union’s 
Copernicus Earth-observation 
satellites and in situ data, mainly 
from national forest inventories. 
The proposal is based on the 
premise that forest monitoring 
in Europe is “fragmented and 
patchy”, with no fully developed 
“consistent, transnational data-
gathering approach”. 

This premise, however, 
is misleading. In 1986, the 
commission launched a 
coordinated forest monitoring 
scheme, which evolved 
in cooperation with the 
International Co-operative 
Programme on Assessment 
and Monitoring of Air Pollution 
Effects on Forests (ICP Forests), 
which I currently chair. The 
programme now covers 
37 European countries and has 
a comprehensive portfolio of 
harmonized, quality-assured 
methodologies, databases and 
governance. 

Such infrastructures can 
provide essential data to explain 
changes in forest conditions 
and to understand processes, 
both key aspects when aiming 
to build resilient forests. At a 
time of increased signals of 
forest vulnerability, it would be 
a missed opportunity not to take 
advantage of all the available 
resources for the future 
European forest monitoring 
system.
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We use monitoring data routinely in our daily lives;
we monitor the stock market, the weather, our

blood pressure, and baseball statistics. But, does monitor-
ing have a place in environmental science? Common crit-
icisms of environmental monitoring are (1) that it is not
really science, but merely a fishing expedition that diverts
funds from “real” science, (2) that most monitoring data
are never used, and (3) that we can’t possibly know today
what critical questions will need to be answered in the
future. Some people feel that monitoring has no place in
rigorous environmental science, and mindless monitoring
gives the discipline a bad reputation. Who needs it?

In this paper, we evaluate these common perceptions of
environmental monitoring and discuss the characteristics
of successful and unsuccessful monitoring programs. We
define environmental monitoring as a time series of mea-
surements of physical, chemical, and/or biological vari-
ables, designed to answer questions about environmental
change. These measurements may be taken at one or
multiple locations. The meaning of “long term” depends
on the time scale of the ecological process of interest, but
in this paper we focus on datasets that span decades. Our
discussion is particularly relevant, given the budgetary
constraints on current monitoring and the ongoing
debate regarding the opportunities, limitations, and costs
associated with the establishment of national environ-
mental observatories in the US, for example the National
Ecological Observatory Network (NAS 2004), the
Hydrologic Observatories, and the Cooperative Large-
scale Engineering Analysis Network for Environmental
Research (NRC 2006).  

! Is monitoring science?

Good science involves more than just devising clever
experiments to test a specific hypothesis. Carpenter
(1998) suggests that ecosystem science is like a table sup-
ported by the four legs of theory, experimentation, cross-
site comparisons, and long-term studies. Many ecosys-
tems require long-term study because they change slowly,
and sustained monitoring of key variables provides the
principal record of change. Long-term monitoring data
also provide context for short-term experiments and
observations. For example, suppose an elegant irrigation
experiment is conducted to determine the effect of water
availability on plant production, and no response is
observed. If long-term measurements of precipitation
indicate that the experiment occurred during the wettest
year on record, the monitoring data provide important
information for interpreting these unexpected experi-

REVIEWS  REVIEWS REVIEWS

Who needs environmental monitoring? 
GGaarryy  MM  LLoovveetttt11**,,  DDoouuggllaass  AA  BBuurrnnss22,,  CChhaarrlleess  TT  DDrriissccoollll33,,  JJeennnniiffeerr  CC  JJeennkkiinnss44,,  MMyyrroonn  JJ  MMiittcchheellll55,,
LLiinnddsseeyy  RRuussttaadd66,,  JJaammeess  BB  SShhaannlleeyy77,,  GGeennee  EE  LLiikkeennss11,,  aanndd  RRiicchhaarrdd  HHaaeeuubbeerr88

Environmental monitoring is often criticized as being unscientific, too expensive, and wasteful. While some
monitoring studies do suffer from these problems, there are also many highly successful long-term monitoring
programs that have provided important scientific advances and crucial information for environmental policy.
Here, we discuss the characteristics of effective monitoring programs, and contend that monitoring should be
considered a fundamental component of environmental science and policy. We urge scientists who develop
monitoring programs to plan in advance to ensure high data quality, accessibility, and cost-effectiveness, and
we urge government agencies and other funding institutions to make greater commitments to increasing the
amount and long-term stability of funding for environmental monitoring programs.    

Front Ecol Environ 2007; 5(5): 253–260

IInn  aa  nnuuttsshheellll::
• Environmental monitoring is often criticized as being unsci-

entific, expensive, and wasteful
• We argue that monitoring is a crucial part of environmental

science, costs very little relative to the value of the resources
it protects and the policy it informs, and has added value in
that basic environmental monitoring data can be used for
multiple purposes

• Effective monitoring programs address clear questions, use
consistent and accepted methods to produce high-quality
data, include provisions for management and accessibility of
samples and data, and integrate monitoring into research pro-
grams that foster continual examination and use of the data

• Government agencies should commit to long-term support
for valuable monitoring programs, and funders of basic eco-
logical and environmental research should recognize that
monitoring is a fundamental part of environmental science

1Institute of Ecosystem Studies, Millbrook, NY *(lovettg@ecostud-
ies.org); 2US Geological Survey, Troy, NY; 3Syracuse University,
Syracuse, NY; 4University of Vermont, Burlington, VT; 5College of
Environmental Science and Forestry, State University of New York,
Syracuse, NY; 6US Department of Agriculture Forest Service,
Cumberland, ME; 7US Geological Survey, Montpelier, VT; 8US
Environmental Protection Agency, Washington, DC

“…monitoring is a crucial part of environmental 
science, costs very little relative to the value of 
the resources it protects and the policy it 
informs, and has added value in that basic 
environmental monitoring data can be used for 
multiple purposes.” (Lovett et al., 2007)

“Forest science relies on the long-term data that 
scientists wring from forests over decades. Our 
chances of overcoming climate change are small, 
but they will diminish further if we forget the 
basics monitoring of our home planet” (Nature, 
608, 2022).

Lovett et al., Front Ecol Environ, 2007

Two important quotes: monitoring is simply essential

Forest 
science 
relies on the 
long-term 
data that 
scientists 
wring from 
forests over 
decades.”

population has migrated surprisingly far north into the 
Arctic tundra (see page 546). To explain this, it is neces-
sary to take into account winter winds (which facilitate 
long-distance dispersal) along with the availability of deep 
snow and soil nutrients (which promote plant growth).

Models are often based on a small number of ‘functional 
tree types’ — for example, ‘evergreen broadleaf’ or ‘ever-
green needle leaf’. These are chosen as a proxy for the 
behaviour of the planet’s more than 60,000 known tree 
species. But the biology of individual species matters when 
it comes to a tree’s response to climate change.

David Bauman at the Environmental Change Insti-
tute at the University of Oxford, UK, and his co-workers 
reported in May that tree mortality on 24 moist tropical 
plots in northern Australia has doubled in the past 35 years 
(and life expectancy has halved)4, apparently owing to the 
increasing dryness of the air (see page 528). But that was an 
average of the 81 dominant tree species: mortality rates var-
ied substantially between species, a variation that seemed 
to be related to the density of their wood. Peter Reich at 
the Institute for Global Change Biology at the University 
of Michigan in Ann Arbor and his colleagues now report 
that modest alterations in temperature and rainfall led to 
varying rates of growth and survival5 for different species 
in southern boreal-forest trees (see page 540). 

Failure to examine multiple factors at once means that 
scientists are making findings that challenge the assump-
tions in models. Spring is coming earlier for temperate 
forests and most models assume that, by prolonging the 
growing season, this increases woody-stem biomass. How-
ever, a study6 carried out in temperate deciduous forests 
by Kristina Anderson-Teixeira at the Smithsonian Conser-
vation Biology Institute in Front Royal, Virginia, and her 
colleagues found no sign of this happening (see page 552). 

To obtain comprehensive data for the models, contin-
uous, long-term observations need to be made, and that 
depends on the availability of long-term funding. Achieving 
such continuity is a problem for both remote-sensing and 
ground-based operations. The former can cost hundreds of 
millions of dollars, but the value of its long-term data sets 
is immense, as is demonstrated7 by a team led by Giovanni 
Forzieri at the University of Florence in Italy. The authors 
used 20 years of satellite data to show that nearly one- 
quarter of the world’s intact forests have already reached 
their critical threshold for abrupt decline (see page 534). 
But even field-based data collection, which costs a pittance 
by comparison, struggles to achieve financial security. 

Forest science relies on the long-term data that scientists 
wring from forests over decades. Our chances of overcom-
ing climate change are small, but they will diminish further 
if we forget the basics of monitoring our home planet. 

1. Goll, D. S. et al. Biogeosciences 9, 3547–3569 (2012).
2. Cunha, H. F. V. et al. Nature 608, 558–562 (2022).
3. Dial, R. J., Maher, C. T., Hewitt, R. E. & Sullivan, P. F. Nature 608, 546–551 

(2022).
4. Bauman, D. et al. Nature 608, 528–533 (2022).
5. Reich, P. B. et al. Nature 608, 540–545 (2022).
6. Dow, C. et al. Nature 608, 552–557 (2022).
7. Forzieri, G., Dakos, V., McDowell, N. G., Ramdane, A. & Cescatti, A. Nature 

608, 534–539 (2022).

We must get a grip 
on forest science — 
before it’s too late 
Trees are one of our biggest carbon  
hopes. Supporting the scientists who  
study them should be a high priority.

Humanity’s understanding of how forests are 
responding to climate change is disconcert-
ingly fragile. Researchers don’t fully under-
stand how climate change interacts with a 
multitude of forest processes. Complex, 

unsolved questions include how climate warming affects 
forest health; how it affects the performance of forests as 
a carbon sink; and whether it alters the ecosystem services 
that forests provide. Forests are our life-support system, 
and we should be more serious about taking their pulse.

Six papers in this week’s Nature provide important 
insights into those questions. They also underline some of 
the challenges to fully understanding forests’ potential in 
the fight against climate change. These challenges are not 
only in the science itself, but also relate to how forest sci-
entists collaborate, how they are funded (especially where 
data collection is concerned) and how they are trained. 

Many disciplines are involved in forest science and con-
tribute to dynamic global vegetation models (DGVMs). 
These simulate how carbon and water cycles change with 
climate and, in turn, inform broader Earth-system and 
climate models of the type that feed into policymaking. 
Different DGVMs make different predictions about how 
long forests will continue to absorb anthropogenic carbon 
dioxide for. One reason for these differences is that models 
are sensitive to assumptions made about the processes in 
forests. There are many influences — including temper-
ature, moisture, fire and nutrients — that are generally  
studied in isolation. Yet they interact with each other.

For example, not all DGVMs account for the dampening 
effect that a lack of soil phosphorus can have on carbon 
fertilization — the phenomenon by which plants absorb 
more CO2 as its concentration in the atmosphere increases. 
Parts of Amazonia are poor in phosphorus, and research 
has shown that introducing phosphorus limitation into 
DGVMs can cut the carbon-fertilization effect1. Hellen  
Fernanda Viana Cunha at the National Institute for Amazo-
nian Research in Manaus, Brazil, and her colleagues report2 
a powerful experimental demonstration of how the soil’s 
poor phosphorus content limits carbon absorption in an 
old-growth Amazonian forest (see page 558). 

Models simulating the northward spread of boreal forest 
as temperatures rise are also missing key drivers3, accord-
ing to Roman Dial at Alaska Pacific University in Anchor-
age and his colleagues. They report that a white-spruce 
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