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Abstract  

Since the 1990s the invasive fungus Hymenoscyphus fraxineus has caused severe crown dieback 

and high mortality rates in Fraxinus excelsior in Europe. In addition to a strong genetic control of 

tolerance to the fungus, previous studies have found landscape heterogeneity to be an additional 

driver of variability in the severity of dieback symptoms. However, apart from climatic 

conditions related to heat and humidity influencing fungal infection success, the mechanistic 

understanding of why smaller or slower growing trees are more susceptible to dieback remains 

less well understood.  

Here, we analyzed three stands in Switzerland with a unique setting of eight years data 

availability of intra-annual diameter growth and annual crown health assessments. We 

complemented this by ring-width and quantitative wood anatomical measurements extending 

back before the monitoring started to investigate if wood anatomical adjustments can help better 

explain the size-related dieback phenomenon.  

We found that slower growing trees or trees with smaller crowns already before the arrival of the 

fungus were more susceptible to dieback and mortality. Defoliation directly reduced growth as 

well as maximum earlywood vessel size, and the positive relationship between vessel size and 

growth rate caused a positive feedback amplifying and accelerating crown dieback. Measured 
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NSC concentrations in the outermost five rings did not significantly vary between healthy and 

weakened trees, which translates into large differences in absolute available amount of NSCs. 

Thus, we hypothesize that a lack of NSCs (mainly sugars) leads to lower turgor pressure and 

smaller earlywood vessels in the following year. This might impede efficient water transport and 

photosynthesis, and be responsible for stronger symptoms of dieback and higher mortality rates 

in smaller and slower-growing trees. 

 

 

Introduction: 

Invasive species increasingly challenge forest and tree health around the world, causing vast 

socio-economic and ecological impacts (Holmes et al. 2009, Moser et al. 2009, Pyšek and 

Richardson 2010) as well as reducing forests‟ capacity to mitigate anthropogenic greenhouse gas 

emissions (Pan et al. 2011). Ash dieback is a prominent example. This disease is caused by the 

ascomycete Hymenoscyphus fraxineus Baral et al. and threatens populations of Common ash 

(Fraxinus excelsior) throughout Europe. The fungus is native to Eastern Asia (NE China, Korea, 

and Japan) and first symptoms were observed in Europe in the early 1990‟s in north-eastern 

Poland (Kowalski and Łukomska 2005, Cleary et al. 2016, Gil et al. 2017). Since then the disease 

has spread fast and is present in most parts of the distribution area of ash in Europe today. 

Airborne ascospores infect leaves in summer, causing necrotic lesions that lead to early leaf 

wilting (Gross et al. 2014). If leaves are not shed in time the fungus further spreads to the xylem 

through the petiole–shoot junction leading to dieback of shoots and twigs (Hanáčková et al. 

2017). Recurring annual infections together with continuing growth of the fungus within the 

xylem leads to gradual crown dieback and ultimately tree mortality. However, crown dieback 

symptoms and mortality rates are not uniform among trees. A small proportion of ash trees (5-

D
ow

nloaded from
 https://academ

ic.oup.com
/treephys/advance-article/doi/10.1093/treephys/tpaa091/5875774 by Lib4R

I (Eaw
ag-Em

pa) user on 03 Septem
ber 2020



U
N

CO
RRE

CTE
D

 M
A
N

U
SC

RIP
T

 4 

10%) seems to be tolerant to the disease, and despite very obvious symptoms not all ash trees die 

after several years of infection (Husson et al. 2012, Cleary et al. 2017, Queloz et al. 2017). It has 

been shown that late flushing and late senescing trees express significantly stronger dieback 

symptoms compared to early flushing and early leaf shedding trees (McKinney et al. 2011, Stener 

2013, Bakys et al. 2013, Pliura et al. 2015, Muñoz et al. 2016). Early leaf maturation leads to 

thicker leaf epidermis and cuticle during fungal sporulation and impedes fungal penetration of the 

leaf cuticle, whereas early leaf shedding reduces the chance of shoot infections. However, the 

exact mechanism of differential tolerance is not yet understood. But together with additional 

evidence from common garden experiments (Kjær et al. 2017) the findings support the idea of 

genetic heritability of tolerance to the fungus (Kjær et al. 2012, Muñoz et al. 2016). 

 

Additionally, there is high variability in crown dieback severity on the landscape level that has 

been attributed to a variety of commonly reported features: Smaller trees (Bengtsson and 

Stenström 2017, Børja et al. 2017), trees with smaller crown projection area (Gil et al. 2017) and 

trees of lower social status and under higher competitive pressure were found to be affected most 

by ash dieback (Enderle et al. 2018). Stand density and local fragmentation seem to also play a 

crucial role, with trees in less dense stands showing less dieback symptoms compared to denser 

stands (Bakys et al. 2013), or isolated ash trees being far less affected than trees in forest 

environment (Thomsen 2014, Grosdidier et al. 2019). There is also consensus that dieback 

symptoms are less severe at drier and warmer compared to more humid and cooler forest stands 

(Chira et al. 2017, Davydenko and Meshkova 2017, Ghelardini et al. 2017, Heinze et al. 2017, 

Grosdidier et al. 2018, Enderle 2019). Concomitant with crown dieback are strong decreases in 

radial stem growth (Enderle et al. 2018, Tulik et al. 2018). In line with these observations of 

crown dieback severity is a meta-analysis of ash mortality surveys across Europe (Coker et al. 
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2019), where the authors showed that in natural and mature stands the steepest increase in ash 

mortality happens around ten years after the first detection of the fungus, leveling off at ~60% 

mortality. Mortality was found to be higher in young plantations, with ~80% mortality 13 years 

after first disease detection. Also, Marçais et al. (2017) found that mortality was much higher in 

small trees (< 25cm diameter at breast height, DBH) compared to larger trees.  

 

Although several observations indicate differences in susceptibility to the fungus related to tree 

size, the mechanisms why dieback is stronger and mortality is higher in smaller and weaker trees 

are not well understood. Higher leaf temperatures and lower humidity of sun exposed crowns of 

bigger or isolated trees in drier forest stands are likely contributing factors leading to unfavorable 

or even lethal conditions for infections and mycelial development (Kowalski and Bartnik 2010, 

Hauptman et al. 2013, Marçais et al. 2016, Grosdidier et al. 2018). In addition, previous 

dendrochronological studies have shown a significant decline in earlywood vessel size, leading to 

a less efficient water transport, in dying and already dead trees compared to healthy trees (Tulik 

et al. 2010, 2017, 2018). However, due to a lack of accompanying crown health assessments in 

the years prior to their tree core sampling the mechanisms behind the vessel size reductions 

remain unclear.  

 

In this study we analyzed radial growth increment and wood anatomical characteristics related to 

water transport (earlywood vessel size and theoretical hydraulic conductivity) at three natural ash 

dominated stands of varying ages in Switzerland, where H. fraxineus was first observed in 2008 

(Engesser et al. 2009). We combined tree-ring information with eight years of annually resolved 

tree health assessments and asked the following questions: i) Are there differences in tree size, 

inter-annual growth increment, and wood anatomical characteristics in the pre- and early 
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infection period between trees that are still healthy, and those that already died, or are now 

severely weakened? ii) How does ash dieback influence growth and hydraulic efficiency of trees, 

as well as their interaction?  

 

 

Material and Methods 

Study sites  

The three studied stands are located near Zürich, Switzerland, (47.3577°N, 8.4850°E) at an 

elevation of 550, 620, and 680 m asl, respectively. Climatic conditions are characterized by a 

mean annual temperature of 8.8 °C and mean annual precipitation sum of 1130 mm (1981-2010). 

All stands are dominated by European ash (Fraxinus excelsior) and Sycamore maple (Acer 

pseudoplatanus) with moderately wet clay-loam soils. 

The three investigated stands differ in mean tree age ranging from ~33 years (hereafter ‟young‟), 

over 47 years („medium‟), to 67 years („old‟). In 2011, 60, 104, and 40 trees were tagged at the 

respective plots and their stem diameter at breast height (DBH) was measured (Figure 1a). On 20 

trees of each plot permanent tree girth bands (D1, UMS) were installed at a height of 1.40 meters 

above bark to track their radial increment every two weeks from late March to early November 

from 2012 until 2018. Since 2011 annual crown defoliation assessments were performed in the 

middle of August by visually rating the crown transparency in 5% steps ranging from 0% (fully 

foliated) to 100% (dead; Dobbertin et al. 2004). We classified trees with equal or less than 35% 

defoliation in 2018 as “healthy”, and those with defoliation between 40 and 95% as “weak”. 

Trees that had already died during the monitoring period were classified as “dead”. 

 

Tree-ring data 
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In spring 2019 we collected two tree core samples of 5 mm diameter from 84 trees at 1 m height 

(Figure 1a). At each stand we selected the trees in a stratified-random manner covering the full 

spectrum of healthy, weakened, and already dead trees. We levelled the cores with a sledge 

microtome (WSL core microtome, Gärtner and Nievergelt 2010) and subsequently colored the 

surface with a black marker and filled vessel lumen with chalk to increase contrast and simplify 

image analysis. The contrast-enhanced cores were then scanned with a resolution of 2400 dpi 

(Epson Expression 10000 XL, Seiko Epson Corporation, Japan) and the images analyzed with 

ROXAS v3.1 (von Arx and Carrer 2014). We excluded vessels smaller 5000 µm
2
 from the 

analysis, because scanning resolution was too low to correctly and automatically identify and 

measure these small vessels (Figure S1). Further, it has been shown that these small vessels (that 

are mainly occurring in the latewood portion of the tree ring) are only responsible for less than 

2% of the total conductivity in another ring-porous species, Quercus robur (Fonti et al. 2010). 

Correct calendar year assignments of tree rings were visually checked, and statistically confirmed 

with COFECHA (Holmes 1983). Obtained ring widths were transformed to basal area increment 

(BAI) using the inside-out method, after estimating the distance missing to the pith (R package 

dplr, Bunn et al. 2019). BAI can be primarily interpreted as a latewood width proxy, because in 

ring-porous species total ring width variability is strongly driven by variation in latewood width 

(R
2
=0.93) compared to earlywood width (R

2
=0.36). For each ring, we pooled the vessel 

distribution of the two cores and considered vessel hydraulic diameter at the 85th percentile 

(Dh85, i.e. the widest and thus most conductive vessels, since conductivity increases with vessel 

diameter at the fourth power) as parameter related to hydraulic efficiency, and the theoretical 

hydraulic conductivity (Kh; as approximated by Hagen–Poiseuille‟s law) as a proxy for overall 

water transport capacity (Tyree and Zimmermann 2002). Dh85 was chosen because early tests 

revealed the highest signal strength (assessed through highest correlation between between trees, 
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Figure S2) for this percentile of vessel lumen diameter distribution. Because in 41% of all rings 

the largest vessels were not located in the first row, we decided against analyzing the first row 

separately, as it is commonly done with most studied ring-porous oak species (González-

González et al. 2014, Souto-Herrero et al. 2018). The absolute theoretical hydraulic conductivity 

(Kh) was obtained by multiplying the ring area-specific theoretical hydraulic conductivity by 

basal area increment (BAI). Kh is strongly related to related to total vessel area, which in turn 

corresponds strongly to earlywood width (Kniesel et al. 2015, Souto-Herrero et al. 2018).  

 

Climate data 

Climate data were obtained from the meteorological station in Zürich, downloaded from the 

KNMI climate explorer (Trouet and Van Oldenborgh 2013). We used monthly mean 

temperatures and monthly cumulative precipitation covering the 1950-2018 period. 

 

Statistical analysis 

BAI, Dh85, and Kh are all dependent on tree size so that our analysis investigating potential 

differences between tree groups has also to account for this tree size influence (Carrer et al. 

2015). Because growth rings within a time series are not independent, we thus modeled BAI, 

Dh85, and Kh using a linear mixed effects framework. The effect of tree size on BAI was 

modeled as: 

 

(1)                                                              
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where BAI at time t in plot p, tree j, is log-transformed because its variability is proportional to 

its mean, giving rise to heteroscedasticity in the data. We modeled the effect of log-transformed 

diameter at breast height (DBH) using a natural cubic spline with a B-spline basis and 2 degrees 

of freedom, with the knot placed at the median of the variable. The spline adds some more 

flexibility to the logarithmic function of DBH. It also significantly improved the model fit, as did 

the interaction of DBH with plotID. DBH is twice the cumulative radius of each sample, 

summing from the pith. The random year effect    detects the year-to-year variation common to 

all samples while determining the influence of DBH on BAI, and essentially serves the same 

purpose as signal-free detrending in dendrochronology (Melvin and Briffa 2008). Each plot was 

nested in year to account for differences in stand dynamics of each plot affecting trends in the 

common interannual signal. Further, we added a random intercept modification (  ) and random 

slope modification (  ), capturing variation in the average BAI and size-related trend in BAI 

among trees caused by unquantified factors such as competition. The scalars       and the 

vectors     , along with the random effects   ,    and    are regression parameters estimated by 

the model. 

 

The increase of Dh85 with increasing tree size is mainly attributed to the increasing distance to 

the apex (Anfodillo et al. 2006). Because we did not measure tree height (and thus distance to the 

top), and tree height and DBH are highly related, we substituted tree height with DBH. Dh85 and 

Kh were modeled as follows: 

 

(2)                                                                 
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(3)                                                             

                            

 

In equations (2) and (3) the predictands and DBH are log-transformed. We restricted these three 

analyses to years before 2008 (the official arrival year of the fungus in Switzerland). We then 

investigated the predisposition of trees to Ash dieback by analyzing the differences of DBH, 

growth (BAI), hydraulic efficiency (Dh85) and theoretical hydraulic conductance (Kh) between 

the three tree health classes in the five years before 2008 using Tukey‟s post-hoc test for multiple 

comparisons.  

 

To investigate climate drivers of BAI and Dh85 we correlated the random year effects of (1) and 

(2), comprising the common interannual signal of variation while accounting for tree size in BAI 

and Dh85, respectively, to mean monthly maximum temperatures and monthly precipitation sums 

over the 1968-2007 period. We conducted the correlation analysis with all possible seasonal 

window lengths from 1 to 12 months to find the season length with the highest correlation 

(Klesse et al. 2018). The included months ranged from previous year May to current year 

September. In a last step we regressed random year effects of BAI and Dh85 against the two 

strongest and non-overlapping seasons of both temperature and precipitation and each two-way 

interaction. We selected the best and simplest model describing interannual variation in BAI, or 

Dh85, based on the Akaike Information Criterion (Bartoń 2018). We included the most important 

parameter from these two models in the following analyses to investigate the effect of crown 

defoliation on growth and vessel size during the years 2011 to 2018. 
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(4)                    
   

                                      

                   

 

where CD is the crown defoliation assessment. The effect of CD was modeled using a natural 

cubic spline with a B-spline basis and 2 degrees of freedom. BAI, DBH, Dh85, and Kh were log-

transformed. PlotID was found to be insignificant to improve model fit and was dropped from the 

model. Further we modeled Dh85 as: 

 

( )                       
                                              

 

Dh85 and BAI were log-transformed. The inclusion of DBH in (5) would have led to an 

erroneous negative effect of DBH on Dh85, a physical impossibility. All models were fit using 

the lme4 package (Bates et al. 2015) in R version 3.5.1 (R Development Core Team 2016). 

 

Non-structural carbohydrates 

We took additional tree cores from 25 trees at 1 m height for the analysis of non-structural 

carbohydrates (NSCs) before the start of the growing season, at the end of March 2019 between 

10.00 and 13.00h. Samples were dried at 60°C until a stable weight was achieved and then the 

outermost five years of each core (c.f. von Arx et al. 2017) were ground to a fine powder. NSCs  

were analyzed following the protocol described by Wong (1990) adapted according to Hoch et al. 

(2002). This analysis provides an estimate of NSC content per wood dry weight (%NSC) and 

distinguishes between the contribution of soluble (sugars) and non-soluble carbohydrates 

(starch). % NSC was calculated for each tree by adding soluble and insoluble carbohydrate 

contribution. 
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Results 

Of the trees tagged in 2011, 57% had died in the young plot until the end of 2018, while in the 

medium plot only 21% had died. No tagged tree had died until 2018 in the old plot. All three 

stands had comparable increasing trajectories of tree-size controlled mean growth rate, Dh85, and 

Kh (Figure 2). The bi-weekly diameter increment measurements revealed that growth initiation 

occurred in mid-April and that by the end of July on average 86% of the final diameter increment 

was completed (Figure 1b). 

 

We found significant differences in DBH, BAI, Dh85, and Kh between the three health classes 

before the fungus arrived in Switzerland in 2008. Trees that died before 2018 had significantly 

smaller DBH across all three plots (p<0.001) in 2007, yet, within the plots the difference was not 

significant. However, these “dead” trees grew markedly slower, even more so after controlling 

for tree size compared to healthy trees (all p<0.001, Figure 3a and b). “Dead” trees also grew 

slower compared to “weak” trees, but the differences were not statistically significant. In all three 

stands and health classes BAI notably declined after 2008, with strongest declines in weakened 

trees and trees that subsequently died.  

 

After controlling for tree size Dh85 was significantly higher in “healthy” trees compared to 

“weak” trees (p<0.001), yet not significantly higher compared to “dead” trees (p=0.07, Figure 4a 

and b). Also, Dh85 declined in all health classes since 2008, yet we observed weakest decreases 

in the “healthy” class. 
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Kh was significantly different between the healthy and dead trees (Figure 5a). After controlling 

for tree size, differences were still significant between the weak/dead and healthy trees (Figure 

5b). Similar to BAI and Dh85, Kh declined in all health classes after 2008.  

 

 

Interannual variation in the 1968-2007 period of BAI was negatively impacted by mean 

maximum temperatures in June, the period of maximum growth rates (c.f. Figure 1b; r=-0.39). 

Dh85 was strongly and positively influenced by mean maximum temperatures of previous year 

June to current year January (partial correlation coefficient: 0.51) and current year April to June 

temperatures (r=0.48), and cumulative precipitation of previous year December to current year 

March (r=0.38; total adjusted explained variance: 0.57, Figure S3a). The relationships were also 

present after high-pass filtering all four time series using a cubic smoothing spline with a 50% 

frequency cutoff at 10 years, yet slightly lower (0.46, 0.45, 0.31; adjR
2
=0.37), showing the 

robustness of these relationships (Figure S3b). 

 

Defoliation of previous year and current year had a very strong negative impact on BAI, while 

Dh85 had a significant positive effect (Figure 6a). Together with Kh and previous fall and winter 

mean maximum temperatures these fixed effects variables explained 79% (marginal R
2
) of the 

variance in BAI (conditional R
2 

including random effects explained 93% of the variance). The 

model predicts a 66% reduction of productivity at 50% defoliation. Defoliation also had a 

negative impact on Dh85, while BAI of previous year positively affected Dh85 (Figure 6b, 

R
2
m:0.47, R

2
c:0.73). Per 10% reduction in foliage Dh85 decreases by ~5µm. Thus, given a Dh85 

of 200µm, a 50% defoliation causes a 12.5% decrease in Dh85, leading to a loss of conductivity 

of Dh85 by 41% (Hagen-Poseuille‟s law). Since defoliation also causes BAI to decrease, and a 
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decreased BAI in the previous year simultaneously negatively affects Dh85 (dashed lines in 

Figure 6b), the realistic ring-level reduction of conductivity at 50% defoliation is closer to 55%. 

We did not find significant differences in NSC concentration of the outermost five rings between 

healthy and weakened trees (p=0.1, Figure 7), although there was a tendency towards lower 

values in weakened trees. Also, differences in starch and sugar concentrations were insignificant 

(p=0.07 and p=0.89, respectively).  

 

Discussion 

In this study we showed for the first time the direct negative impact of annually resolved fungal-

caused defoliation on radial growth and earlywood vessel size. Our analyses further confirm 

previous observations that small and weak trees are more prone to dieback and associated 

mortality but also allowed us to draw inferences about the mechanisms. In the following we 

discuss how the reduction in crown size, associated growth reduction, and reduction in maximum 

vessel size (affecting hydraulic efficiency) interact and may hint at missing stored carbohydrates 

as a probable cause for accelerated dieback in small and/or slow growing trees. 

 

Predisposition to crown dieback 

Trees that are dead or weakened today had lower basal area increment compared to relatively 

healthy-looking trees (Figure 3a) in the years before the fungus arrived. This pattern was true not 

only in absolute growth terms (raw BAI) but also when controlling for tree size (Figure 3b). This 

confirms previous studies (Enderle 2019), showing small and weak trees (with lower social status 

and higher competition) are succumbing first to the fungal attack and that tall trees with big 

crowns show less fungus induced crown dieback. Stronger dieback in trees with low growth rates 

due to higher competition would be in line with the observation that shading effects favor fungal 
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infection and development compared to fully sun exposed crowns (Kowalski and Bartnik 2010, 

Grosdidier et al. 2018). 

 

Defoliation and associated decrease in growth and vessel size 

In our studied trees radial growth is almost finished at the end of July (Figure 1b), a finding 

supported by other automatic dendrometer measurements of Fraxinus excelsior (Mund et al. 

2010, Köcher et al. 2012, Brinkmann et al. 2016) and xylogenesis data of another central 

European ring-porous species, Quercus petraea (Michelot et al. 2012). Leaf shedding occurs in 

the middle of October, which leaves two and a half months to produce carbohydrates primarily 

allocated to storage (Chapin et al. 1990, Kozlowski 1992). Fungal-induced necrotic lesions on 

leaves usually develop during these last months of the growing season. It has been shown in other 

plants that necrotic lesions on leaves strongly impede photosynthesis (Erickson et al. 2004, 

Roloff et al. 2004, Gruber et al. 2012). As the fungus can also grow within the twigs and kill 

shoots and buds, it potentially leads to a smaller crown in the next year. Defoliation thus reduces 

photosynthetic capacity by reducing the total leaf area, inevitably reducing radial growth. 

Reduced photosynthesis decreases also the ability to produce and store non-structural 

carbohydrates (NSC, primarily as starch) towards the end of the growing season (Martínez‐

Vilalta et al. 2016, Furze et al. 2019). Indeed, it has been shown that artificial defoliation in July 

strongly decreased starch concentration in shoots and roots in saplings of Acer saccharum 

(Gregory and Wargo 1986).  

  

Increasing vessel size with increasing distance to the apex is a well-known feature (Zasada and 

Zahner 1969) and is proposed to being the most efficient anatomical adjustment for stabilizing 

hydraulic path-length resistance (Anfodillo et al. 2013). As a consequence of the ash dieback 
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disease, twigs and branches from the periphery die back and tree heights are progressively 

reduced. As such, it could thus be expected that the observed reduction in Dh85 is a result of a 

decrease in hydraulic path length.  However, the observed decrease in Dh85 from ~210 to ~150 

µm (Figure 4a and 6b) is too strong to be purely attributable to a reduction in path length. Based 

on three dead trees that we sampled along the stem, a Dh85 of 150 µm is achieved at distances to 

the apex of 3-5 m (equivalent to a 4.3-6.3 m tall tree; Figure S4) or when the trees are smaller 

than 5 cm in DBH. The crown base (the first bifurcation of the main branches forming the crown) 

of those trees is with 8-10 m at least 4 meters higher, where we could at least expect Dh85 of 

>170 µm. Due to the strong log-log relationship between Dh and path length, Dh increases only 

slightly at path lengths (or tree heights) greater than 10 m (Anfodillo et al. 2006, 2013), while the 

majority of axial conduit widening occurs in the first 10 m of tree height growth (i.e. the first 10 

m from the top). For this reason, we find it unlikely to primarily attribute the decrease in Dh85 to 

a decrease in tree height. 

 

The potential role of non-structural carbohydrates in dieback severity 

Cell enlargement in trees is largely a turgor-driven process, which depends on water potential and 

osmotic potential (Woodruff et al. 2004, Woodruff and Meinzer 2011, Cabon et al. 2020). 

Earlywood vessel formation in the ring-porous European ash begins several weeks before leaf 

flushing (Atkinson and Denne 1988, Frankenstein et al. 2005, Sass-Klaassen et al. 2011). These 

vessels are thus entirely produced by carbon reserves. Reduced turgor pressure due to a lack of 

stored carbohydrates or a lack of water could thus lead to smaller vessels, less efficient water 

transport hampering photosynthesis and respiration, and ultimately reduce the capacity to 

produce wood, new shoots, and to put up defense mechanisms against the fungus. This is 

particularly true for ring-porous species, since only the earlywood vessels in the outermost ring 
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are functional and account for almost the entire water transport (Cochard and Tyree 1990, Davis 

et al. 1999, Utsumi et al. 1999), i.e. the trees are not able to compensate smaller earlywood 

vessels by higher numbers in older, previously formed rings. It has been shown that trees with 

smaller vessel sizes – i.e. with less efficient water transport – and trees with lower theoretical 

hydraulic conductivity (Kh) have lower photosynthetic rates (Hubbard et al. 2001, Rust and 

Roloff 2002, Katul et al. 2003, Santiago et al. 2004, Zhang and Cao 2009, Choat et al. 2011). 

This explains our finding that both higher Kh, which is also a potential sign for a larger crown, 

and higher Dh85 positively influence BAI (Figure 6). A similar observation was made also by 

Fan et al. (2012) and Hoeber et al. (2014) who found a strong positive relationship between Dh 

and Kh and radial growth rates in the tropics.  

 

The positive observed positive correlation of Dh85 to mean maximum temperatures of previous 

fall and winter, and spring, and the positive correlation to winter precipitation adds to the 

hypothesis that a lack of turgor pressure leads to smaller vessels: High temperatures from June to 

October enable high photosynthetic rates and thus a high potential to produce and store 

carbohydrates after secondary growth has finished. Warmer winter temperatures might lower 

NSC consumption due to less conversion of starch to sugar-based frost protection compounds 

(Sperling et al. 2015). At the onset of the growing season trees would have more carbohydrates 

available to create osmotic potential to enlarge vessels. 

Warm early growing season temperatures (April-June) are indicative for higher meristem 

activity and higher enzymatic activity to extract stored carbohydrates (Parent et al. 2010). A 

positive relationship between vessel size and early spring temperatures (during the onset of vessel 

formation) was also previously shown in chestnut in Ticino, Switzerland (Fonti et al. 2007). 

There, April temperatures were related to tree activation through new hormone production 
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leading to changes in the auxin gradient that facilitates the expansion of vessels (Uggla et al. 

1996, Aloni 2010). Positive correlations between maximum vessel size with mean monthly 

temperatures in May were also found in two oak species in southwestern Quebec, Canada (Tardif 

and Conciatori 2006) and in Oaks in northwestern Spain (Souto-Herrero et al. 2017, 2018). 

Water saturated soils positively influence stem water potential for formation of new vessels 

(Deleuze & Houllier, 1998; Fritts et al., 1999). The observed positive influence of winter 

precipitation on vessel size can thus be attributed to wetter soils in spring favoring the 

enlargement of vessels. A similar observation was made by Castagneri et al. (2017) in two 

Mediterranean Oak species in Israel. The observed climate-vessel size relationships all point 

toward a slight increase in vessel size over time. We can thus rule out climate-induced changes 

being responsible for the observed decreases in vessel size, also under the aspect that defoliation 

affects vessel size much stronger than mean maximum temperature of previous June to current 

year January (i.e., the combined effect of defoliation of current and previous year is more than 

seven times as high, Table S1 (equation (5)).  

 

We did not find that trees producing smaller earlywood vessels are more prone to decline as 

described by Tulik et al. (2010). However, we found a tendency that relative Kh (Kh controlled 

for tree size) and absolute Kh of the dying and already dead trees were lower already before 2008 

compared to healthy trees (Figure 5). Low Kh is indicative for a smaller crown and thus lower 

productivity. Trees with smaller crowns likely produce smaller rings, and thus less wood to store 

carbohydrates for the next year. Lower Kh through a combination of less vessels and smaller 

vessels leads to a progression in crown dieback (Pellizzari et al. 2016). This is another argument 

for the potentially crucial role of NSCs (sugars) in dieback severity.  
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Large trees typically have a higher increment (BAI, or volume increment) than smaller trees and 

thus a higher volume to store carbohydrates in the outermost rings. It has further been shown that 

NSC concentration decreases strongly with increasing distance from cambium (Hoch et al. 2003). 

The effect was found to be particularly strong in ring-porous Quercus petraea. Also, von Arx et 

al. (2017) found an initial decrease in NSC concentration (mainly driven by changes in sugar 

concentration) in irrigated Pinus sylvestris and their non-irrigated, drought-stressed and slower 

growing control group with increasing distance from the cambium. They found no difference in 

NSC concentration between the two groups but due to twice as high growth rates of the irrigated 

trees their total NSC pool of the outermost five years was twice as big. Schönbeck et al. (2018) 

analyzed a similar set of trees on the same study site and found that with increasing defoliation 

sugar concentration decreased. Because their study analyzed a fixed amount of wood (2 cm) 

compared to von Arx et al. (2017), who analyzed a fixed number of rings (groups of five years), 

the observed decrease in NSC concentration with increasing defoliation had to be influenced by 

the higher number of rings in slower growing and stronger defoliated trees. These findings are in 

contrast to Pacheco et al. (2018) that analyzed the outermost 5 cm of Pinus halepensis in Spain 

and found lower NSC concentrations in fast-growing irrigated trees, indicating possible 

ecosystem- and species-specific responses. 

In our case we did not find significant differences in NSC concentration between healthy and 

weakened trees (Figure 7) in the outermost five years. Hence, lower growth rate would be 

directly proportional to a lower amount of stored carbohydrates that can be remobilized out of a 

certain volume of wood. This lower amount of mobilized sugars consequently would negatively 

influence the maximum earlywood vessel size, thus reduce hydraulic efficiency and conductivity, 

hamper photosynthesis, and finally accelerate fungal-induced crown dieback and mortality. 
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Concluding, we showed that fungal-induced defoliation not only reduces growth, but also directly 

decreases maximum earlywood vessel size. Smaller vessels reduce the efficiency of water 

transport, which negatively affects photosynthesis and radial growth. Low radial growth in turn 

also affects vessel sizes in the following year, which leads to a positive, amplifying feedback that 

accelerates crown dieback. Our finding that slower growing trees or trees with smaller crowns 

already before the arrival of the fungus seem to be more susceptible to crown dieback further 

supports this idea. It also indicates that sylvicultural measures like thinning could be a useful 

management tool to mitigate impacts on ash by H. fraxineus. Reducing stand density would 

reduce shading, consequently fungal performance, and enhance growth of the promoted trees. 

Our results further lead us to the hypothesis that a lack of NSCs (sugars) is responsible for 

smaller and slower growing trees showing stronger symptoms of fungal-induced dieback and 

higher mortality rates. Future analyses of stable isotope ratios of oxygen, carbon, and hydrogen 

could give further insight into the mechanisms of photosynthesis, stomatal conductance, and 

carbon reserve remobilization during fungal-induced crown dieback and thus contribute to a more 

holistic understanding of the ways of European ash to fight, cope with, or succumb to the fungus. 
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Figures: 

 

 

Figure 1: a) Kernel density distributions of diameter at breast height (DBH) of all tagged trees in 

2011 at the three stands. The young stand is colored in green, the medium stand in blue, and the 

old stand in orange. The number of sampled trees and the age range (mean) of the sampled trees 

are presented in plot-respective colors. b) Daily diameter increment rates (mm day
-1

) derived 

from tree girth bands of 60 trees (20 per plot). The red line shows the modeled mean increment 

rate (locally estimated regression, span=0.5), and the grey points represent the individual 

increment rates. The darker the point, the more data points are superposed. 
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Figure 2: Panel a) shows the influence of tree diameter at breast height on basal area increment 

(BAI). Shading around solid lines denotes the 95% confidence interval of the fixed effects. 

Colors represent the three different plots: young (green), medium (blue), and old (orange). b) 

same as a) but for hydraulic efficiency (Dh85). c) same as a) but for absolute theoretical hydraulic 

conductivity (Kh).  
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Figure 3: a) Raw basal area increment (BAI) time series and b) BAI time series controlled for the 

effect of DBH on BAI (model 1), modeled without random effects. Orange lines show time series 

of trees that had 35% or less defoliation in 2018, blue lines denote weakened trees (>35 – 95% 

defoliation), and black lines represent BAI of trees that had died until 2018. The bold lines are 

group specific mean time series (averaged with Tukey‟s biweight robust mean), they are thinned 

in the early years, when sample replication drops below 10. The vertical dashed line at 2008 

marks the first observation of the fungus in Switzerland. 
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Figure 4: a) Raw hydraulic efficiency (Dh85) time series and b) Dh85 time series controlled for 

diameter at breast height modeled without random effects (model 2). Lines and colors as in 

Figure 1. 
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Figure 5: a) Raw absolute theoretical hydraulic conductivity (Kh) time series and b) Kh time 

series controlled for diameter at breast height modeled without random effects (model 3). Lines 

and colors as in Figure 1.  
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Figure 6: a) Modeled effect of mean defoliation of current and previous year on BAI. Different 

colors are modeled effects at different DBH. Solid lines show the effect with a constant Dh85 of 

200µm. Shading around solid lines denotes the 95% confidence interval of the fixed effects. The 

dashed lines show the initiated feedback on BAI when vessel size (Dh85) decreases 

simultaneously of 5µm per 10% defoliation. This decrease in Dh85 with increasing defoliation 

was extracted from the model shown in Figure 6b. b) Effect of mean defoliation of current and 

previous year on Dh85. Solid lines show modeled effects at constant previous year‟s BAI, 

representing the median, the 25
th

 and the 75
th

 percentile of BAI during the 2011-2018 period. 

Shading around solid lines denotes the 95% confidence interval of the fixed effects. The dashed 

lines show the effect of defoliation with concomitant decrease in previous year‟s BAI at given 

DBH, initiating a positive feedback loop with Dh85. Theoretical BAI values at given DBH with 

increasing defoliation were extracted from the model shown in Figure 6a. The yellow (red; 

brown) line represents a tree with 15cm (25cm; 35cm) DBH. 
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Figure 7: Distribution of NSC content per wood dry weight (%NSC) of 14 healthy and 11 

weakened trees, and p-value of Wilcoxon rank sum test. Thick horizontal line denotes the 

median, boxes show the interquartile range (IQR), whiskers extend to 1.5 times the IQR. Circles 

are outliers. 
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