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Tree mortality episodes, that change the forest stand structure, are induced by biotic or abiotic 
disturbances like pest outbreaks and pathogens attacks, fire, windthrow or climatic extreme 
events. While these processes are natural and forests mostly well adapt to them, there is some 
evidence of an acceleration of some disturbance processes due to climate change in the past 
decades (Seidl et al. 2017) and the predicted future temperature increase is expected to lead to 
changes in forest dynamics and structure (McDowell et al. 2020). For example, an increase in 
global fire occurrence and severity has been documented indicating a shift from a pre-industrial 
precipitation-driven to a future temperature-driven fire regime (Pechony and Shindell 2010). 
Also fungal pathogens can cause large-scale forest disturbances, but their interaction with 
climate changes is complex and not well understood. In Western North America, Douglas fir is 
an economically and ecologically important tree species, which in the last decades has been 
increasingly affected by Swiss needle cast (SNC), Nothophaeocryptopus gaeumannii (Lee et 
al. 2021). There is growing concern about how Douglas fir will cope with the combined 
influences of warming and diseases caused by this pathogen.  

Lee et al. (2021) investigated the variable impact of SNC across a gradient of site conditions 
from coastal temperate rainforest to warmer and drier montane to cool montane. SNC is living 
of carbohydrates and nutrients from the host, thus impacting the trees photosynthesis and is 
therefore also dependent on the health and nutritional status of the tree, which may promote 
SNC growth under mesic conditions. Under dry site conditions, trees reduce stomatal 
conductance to reduce the risk of hydraulic failure, which leads to reduced carbon dioxide 
uptake and carbon assimilation (Meinzer et al. 2016). In the long-term, high summer vapor-
pressured deficit (VPD) and low soil moisture can therefore cause reductions in carbohydrate 
reserves, hampering other metabolic processes needed for stress defense (Herms and Mattson 
1992). On the one hand, the lack of carbohydrates may thus affect the plant’s ability to defend 
against pest attacks, but on the other hand also the growth of SNC may be lower in general on 
dry versus mesic sites. Such complex interplay of different factors and site conditions makes it 
hard to predict tree resistance and emphasizes the need for a detailed understanding of the 
underlying tree physiological processes. To this end, Lee et al. (2021) used a combination of 
tree-ring width and stable isotope ratios. 

Stable isotope analysis of tree-rings is a powerful method to retrospectively assess tree-
physiological processes and disentangle the effects of climate from other influences. This 
widely applied method may also shed light on the question why some trees die during a 
disturbance, while other individuals from the same stand with apparently similar access to 
resources remain healthy (Billings et al. 2016). Stable carbon isotope ratios (δ13C) of sugars 
and subsequently of cellulose laid down in annual growth rings are determined by the relative 
importance of diffusive limitation and stomatal conductance (gs) versus biochemical limitations 
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of photosynthesis (A), which results in a relationship of δ13C to A/gs and thus water-use 
efficiency (Farquhar et al. 1982). Oxygen isotope ratios (δ18O) are influenced by variations in 
the δ18O of soil water and leaf transpiration, where a significant 18O enrichment occurs, strongly 
driven by VPD (Barbour 2007). This information is built into organic molecules in leaves and 
stem, although post-photosynthetic isotope fractionation processes are also important (Gessler 
et al. 2014). As the δ18O is not directly influenced by photosynthetic rates, but (at least partly) 
by transpiration rates, this isotope ratio can help interpret δ13C-derived information by 
providing a separation of A and gs (Scheidegger et al. 2000). The dual isotope approach was 
originally developed to interpret leaf-level changes and care is necessary when applied to tree 
rings (Roden and Siegwolf 2012). This is because δ18O in soil water may change inter-annually 
and also because of increasing rooting depths with tree age, both of which induce non-leaf 
related changes. In principle, this could be considered by calculation of the 18O-enrichement 
above source water (∆18O), but this is difficult to do in tree-ring studies due to the general lack 
of information on past source water values. 

Nevertheless, the dual-isotope approach using δ13C and δ18O data provides additional 
dimensions for the interpretation of tree responses to past disturbances (Di Matteo et al. 2010), 
particularly when combined with other tree-ring information like growth variations, wood 
anatomy and growth-to-climate and isotope-climate sensitivity (Barnard et al. 2012; Gessler et 
al. 2018). For our discussion, we start from a baseline-scenario where evaporative demand and 
VPD are strong drivers of stomatal conductance and thus δ13C and δ18O (Fig. 1). The link 
between δ13C and gs is rather direct under such conditions due to a reduced isotope 
discrimination (∆13C) under low inter-cellular CO2 concentration at high VPD, while for δ18O 
there is an impact of low relative humidity on higher leaf water 18O-enrichment as well as the 
effect of reduced transpiration which lowers the refilling of leaves with fresh, un-enriched 
xylem water, via the so-called Péclet-effect (Barbour 2007). In such conditions, δ13C and δ18O 
are positively correlated and this is in fact often observed (Saurer et al. 1997). This covariation 
can be so strong that the two isotopes may be combined for a better drought information as was 
demonstrated for oak (Quercus robur) in France (Masson-Delmotte et al. 2005). This may be 
the case in many ecosystems where water is at least temporally a limiting factor. An increase 
in VPD, as would occur during a warm and dry summer, is then often additionally reflected in 
reduced growth in this year, which results in a negative correlation between tree-ring width 
(TRW) and VPD (Fig. 1). This is our climate-driven baseline scenario, which predicts that 
changes are driven mainly by gs rather than A. This is an idealized scenario and some reduction 
of A could of course also be involved. 

Next, we assume a disturbance event to have occurred in the past. How could such event be 
identified in hindsight - from tree-ring data? We use the growth-VPD, or more generally, the 
growth-climate relationship for this purpose. A negative anomaly that is not explained by 
climate, is associated with such non-climatic disturbance. In its simplest form, this means a 
deviation from the negative VPD-TRW-relationship (Fig. 1). This is of course only true in a 
statistical sense, i.e. there is a certain increased probability that a disturbance has occurred in 
the respective year. More advanced statistical methods may be used to identify disturbance 
events, like time series intervention analysis (Lee et al. 2021). We can then investigate the dual 
isotope response in those years to deduce associated physiological changes that occurred during 
the disturbance. A recent example using such an approach, although involving a bacterial rather 
than a fungal pathogen, is the investigation of an olive disease in Southern Italy (Sabella et al. 
2020). This disease is caused by the bacterium Xylella fastidiosa, a pathogen naturally occurring 
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in the Americas, whose presence in Italy since the beginnings of the 2010s constitutes a major 
threat to olive plantations. The bacteria are infecting the hydraulic system of the host trees, 
resulting in changes in its structure and causing xylem blockage by bacterial aggregation. 
Xylella-infected trees showed increased δ18O, but unchanged δ13C, compared to healthy trees, 
indicating that both A and gs were severely affected (Sabella et al. 2020).  

Alternatively, decreased responsiveness of stomatal conductance may occur during strong 
stress that would be consistent again with increased δ18O, but an opposite δ13C-response 
compared to the baseline climate-driven scenario. In the case of SNC affecting Douglas fir, 
blockage of stomata by fungal fruiting bodies has been observed, but even more severe 
reduction of A through loss of foliage (Manter et al. 2000) that is consistent with this scenario.  
In Lee et al. (2021), regional differences in growth and physiological responses to changing 
climate and SNC severity in the Pacific Northwest (US) were observed. At a wet, coastal site 
within the area of most SNC damage, inter-annual variations in stem growth and stable isotope 
ratios were mainly influenced by strong reductions in A, but less by reduced gs, reflecting a loss 
of functioning stomata through early needle abscission and stomatal occlusion due to SNC. 
There was generally no climate-driven correlation between δ13C and δ18O under these mesic 
conditions. Our concept outlined in Fig. 1 assumes a baseline scenario of VPD strongly 
affecting growth and physiology, but needs to be adapted at wetter sites. For drier inland sites, 
Lee et al. (2021) concluded that the concurrent changes in the dual stable isotope values can 
best be explained by a change in gs rather than A. The authors showed that at sites on the west 
slopes of the Cascade Range of Oregon, stem growth decreased primarily due to decreasing gs 
in response to high evaporative demand. Temperature stress is expected to continue to increase 
in these ecosystems as summer temperatures are predicted to continue rising. The authors 
therefore also concluded that the current SNC epidemic is expected to continue and expand to 
cooler environments at higher latitudes and higher elevations in the Pacific Northwest, 
promoted in particular by less limiting winter temperatures for fungal development. 

In summary, the dynamics and spread of diseases can be traced and understood retrospectively 
with the dual isotope method, as often intensive field investigation may only start when already 
wide-spread damage is observed. It should certainly be kept in mind that the Scheidegger-model 
(Scheidegger et al. 2000) is a semi-quantitative approach and the presented concept in Fig. 1 
should be interpreted considering also other available information. There are factors that may 
also influence carbon or oxygen isotope values, but are not directly related to leaf-level 
processes and A or gs. Regarding δ13C, this could be the influence of stored carbohydrates that 
adds a lagged signal from earlier conditions rather than from the disturbance event or the 
extreme case of a severe disturbance that results in a complete stop of wood formation at the 
cambial level and thus any leaf-level signal will not be visible in the tree-ring cellulose (Pflug 
et al. 2015). Somewhat similarly, oxygen isotope exchange with xylem water of intermediate 
products during cellulose formation in the stem may strongly dilute or even completely override 
the clearly imprinted signal of the leaf sugars (Barbour 2007; Gessler et al. 2014). Overall, still 
the analysis of the isotope ratios is a unique method for gaining information about physiological 
processes that has been occurring years or decades in the past. The analytical tools are well 
developed nowadays and enable assessment of large number of trees and sites required for 
spatio-temporally detailed studies. The retrospective dual-isotope approach thus holds promise 
in deciphering when first signs of a damage in trees occurred and how the trees have responded 
to it in different environments. 
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Figure Caption 

 

Figure 1: Concept on how to translate carbon and oxygen isotope changes into photosynthesis 
A and stomatal conductance gs, considering also growth and climate sensitivity as additional 
information. Moisture stress expressed as high VPD results in reduced TRW (blue dots), 
increased δ13C and δ18O, and reduced stomatal conductance gs (blue arrows), representing a 
climate-driven baseline-scenario. Disturbance events of varying severity (yellow -> red) are 
identified as deviations from the TRW-VPD-relationship. The corresponding isotope responses 
are analysed and the physiological responses (A, gs) derived via the Scheidegger-approach 
(Scheidegger et al. 2000) (yellow and red arrows). Note that arrows would remain the same 
when using ∆18O instead of δ18O, but y-axis would be reversed when using ∆13C instead of 
δ13C. 
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