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1. From tree rings to ecophysiology 

This thesis describes my research during the last seven years related to how trees cope with 

drought or carbon limitation. My PhD thesis research investigated tree mortality in response to 

anthropogenic (partial harvest) and natural disturbances (insect defoliation) in sugar maple (Acer 

saccharum) forests in western Quebec. Using both dendrochronological and stem wood isotope 

analysis as a means to retrospectively assess tree physiological condition my study suggested that 

mortality may have been related to carbon depletion from repeated insect defoliations. Heavily 

attacked trees had to use stored carbon to replace the predated foliage which reduced their reserve 

pools and predisposed them to the next epidemic herbivory attack until they succumbed to this 

series of disturbances. However, the retrospective dendrochronological approach I was using did not 

allow any direct proof of such a causal link because I could not analyze retrospectively the carbon 

reserve pool. I was somewhat disappointed and decided that I would use from that point on a more 

direct ecophysiological approach for my future research. I started a postdoc at the Max-Planck 

Institute for Biogeochemistry in Jena where I initially investigated tree mortality again – in response 

to drought. This research focused on carbon starvation during drought and incited me to also 

address more general questions regarding carbon relations in plants and was the starting point for 

my research group Plant Allocation that I founded in 2014. 

Before laying out the scientific questions that have shaped my research during the last seven 

years, I dedicate a few pages to explaining why I have been and still am fascinated by research on 

carbon allocation in plants. I also give a general introduction on the basic concepts and methods I 

am using for my research. A brief section on my scientific framework precedes the actual research 

chapters which will be followed by a short conclusion that provides an outlook on my future 

research path that aims to improve our understanding of plant carbon allocation. 

2. Carbon in the Earth system 

Carbon is an amazing element as it creates conditions, with some few other elements, for life to 

develop on Earth, carries the energy required for terrestrial life and, overall, is the ‘backbone’ of life. 

Although it is the fourth most abundant element in the universe it is relatively sparse on Earth: 

Carbon makes up less than 1 % of the Earth crust’s mass and is only the 15th most abundant element 

on Earth. Carbon in the Earth system exists in multiple forms that can be grouped into: (i) inorganic 

(including carbonate rocks, carbon dioxide in the atmosphere and inorganic carbon dissolved in 

oceans and terrestrial waters) and (ii) organic preserved in non-living material like rocks, in 

sediments and soils as well as in living organisms. 
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About 0.4 % of the atmosphere is carbon dioxide molecules, but due to land cover change (e.g., 

deforestation for agricultural production) and fossil fuel emissions this proportion is steadily 

increasing and can be expected to reach between 430 to 1000 ppm by 2100 (IPCC, 2013). Carbon 

dioxide (currently ~400 ppm) and methane (currently ~1850 ppb) are, besides water vapour 

occurring at a percentage range (~1 to 5%), the most important greenhouse gases of the 

atmosphere. The greenhouse effect is due to the fact that these gases absorb energy in infrared 

wavelengths that are radiated from the Earth’s surface. The absorbed energy activates vibrational 

modes in the greenhouse gases that re-radiate energy to other molecules of the air, like O2 and N2 

and to the Earth surface. Overall, the net effect is a warming of the atmosphere and without this 

greenhouse gas effect, the Earth’s mean temperature would be around _19°C instead of the current 

14°C (Le Treut et al., 2007).  Thus greenhouse gases allow temperatures that permit liquid water to 

persist at the surface, a condition that is required to support Earth’s current life. 

Carbon is also the main substrate for primary production and hence the vital source of energy to 

fuel terrestrial life, including millions of different species of bacteria, fungi, plants and animals. As 

noted above, atmospheric [CO2] has been strongly increasing since industrialization (Etheridge et al., 

1996) with positive impacts on global primary production (Nemani et al., 2003). However, as 

anthropogenic emissions continue to increase atmospheric [CO2], the associated climatic changes 

can also have negative effects on current global vegetation. Climate-change induced temperature 

extremes combined with related, increasingly frequent drought episodes have been shown to offset 

the [CO2] fertilization effect on primary production (Zhao & Running, 2010). Although changes in 

atmospheric [CO2] and global temperatures have occurred frequently throughout the Earth’s history, 

the current trend is disturbing because of the speed of change and due to increasingly frequent 

occurrences of extreme events, like heat waves and exceptional droughts (IPCC, 2012). Such 

extreme events, rather than changes in average temperature and in precipitation distribution, are 

responsible for decreasing regional ecosystems carbon stocks and that offset CO2-mediated 

increases in the terrestrial carbon uptake (Reichstein et al., 2013). Recent observations of elevated 

mortality rates in response to heat and drought in forest ecosystems worldwide (Allen et al., 2010) 

raise concern about the vulnerability of global vegetation to these fast changes in climate (Allen et 

al., 2015). The current global vegetation contains ~450-650 Pg of carbon and massive die-off events 

of the current global vegetation in response to rapid environmental change may liberate some of the 

carbon sequestered by vegetation – with likely severe consequences for biogeochemical cycles 

(Anderegg et al., 2013) and feedback dynamics for global warming (Allen et al., 2015). 
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3. Carbohydrates are both energy carriers and building blocks in plants 

Much of the terrestrial carbon is constantly cycling among living components and the 

atmosphere. The global vegetation turns over large amounts of carbon every year, more than 120 Pg 

(IPCC, 2013), equivalent to that in a freight train filled with coal long enough to circle the equator 

more than 375 times. During photosynthesis, light energy is used to synthesize ATP (adenosine 

triphosphate), a cellular energy carrier, and reducing power in form of NAD[P]H (nicotinamide 

adenine dinucleotide [phosphate]). Energy and reducing power together allow the binding of CO2 via 

RubisCo, the most abundant enzyme on Earth, to a 5-carbon molecule that immediately splits into 

half and releases two triose molecules. These are converted into a 6-carbon molecule, glucose, the 

building material for all other organic plant compounds and structures. Plants synthesize different 

forms of sugars called saccharides, all made of carbon, hydrogen and oxygen in constant proportions 

(Cm(H2O )n) but with varying numbers of atoms. These saccharides are classified depending on the 

number of individual units (e.g., monosaccharides like glucose, disaccharides like sucrose, 

oligosaccharides like raffinose, polysaccharides like cellulose) and are collectively called 

carbohydrates.  Together with hydrogen-enriched sugar alcohols and other carbon-rich compounds 

like lipids, carbohydrates play a central role in plant functioning (Hartmann & Trumbore, 2016). 

Carbohydrates are both energy carriers (non-structural carbohydrates) and the main building 

blocks for the synthesis of other compounds including structural plant biomass. Glucose molecules 

are bound together via β-glycosidic bonds to form long-chained, linear (amylose) or, via α-glycosidic 

bonds, branched (amylopectin) and non-branched spiral polymers, the latter called starch. Sugars 

and starch, once reconverted to glucose and oxidized to pyruvate during glycolysis, can be 

completely processed in the Krebs cycle to produce ATP and reducing equivalents for biosynthetic 

reactions while releasing CO2. As such, carbohydrates (but also lipids and proteins) are the main 

energy source not only for plants but also for heterotrophic organisms and are thus the basis of the 

food chain. Without plants and their capacity to convert mineral carbon (CO2) into organic forms like 

carbohydrates, life on Earth would not be possible. However, carbon also forms long chains of 

glucose units with glycosidic bonds that cannot be broken by plants due to a lack of the required 

enzymes. Such polymers, like cellulose, are the building material for plant structures (cell walls, 

woody tissues) and at the same time an important food source for other organisms. Symbiotic 

bacteria in ruminants and termites as well as some fungi and free-living bacteria produce enzymes 

allowing them to depolymerize organic lignocellulose (a composite of cellulose, hemi-cellulose, 

pectin and lignin) to glucose units that can then be metabolized during glycolysis (Cragg et al., 2015) 

to make the sun energy, that has been originally stored in these polymers, available to metabolism. 
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Despite its central role for heterotrophic organisms much of the carbon captured during 

photosynthesis is directly released back into the atmosphere via plant respiration. Plant respire 

between 30 to 40% (Poorter et al., 1990), sometimes even up to 80% (Amthor, 2000), on average 

roughly 50% (IPCC, 2013), of the carbon captured in the Calvin cycle and only the remaining carbon 

is spent for plant growth, development and reproduction (primary metabolism) and other functions 

like defence, communication and attraction (secondary metabolism). The distribution scheme of 

carbon across different functional pools is called carbon allocation, the central topic of this thesis. 

4. Carbon allocation in terrestrial plants 

Most plants are sessile organisms and cannot escape unfavorable environmental conditions or 

hostile attack by emigration. To cope with such situations, plants have to manage their available 

resources to optimize development and fecundity while securing survival and reproduction. For 

example, a young developing plant that is attacked by an herbivore must produce unpalatable or 

even toxic substances to deter attackers. However, these substances are carbon costly and divert 

resources away from primary metabolism, i.e. growth and reproduction (Massad et al., 2012), as 

claimed by the “Growth-Differentiation-Balance Theory” (Herms & Mattson, 1992; Matyssek et al., 

2012a; Matyssek et al., 2012b). 

For more than 40 years, the control mechanisms of whole-plant carbon allocation have been of 

central interest to plant scientists (Mooney, 1972). Historically the regulation of plant carbon 

partitioning was thought to be driven by C supply (i.e. source activity), but recent evidence suggests 

that limitations of sink activity via physical constraints (e.g., cold) or stoichiometry (e.g., unbalanced 

nutrient supply) may be the main determinant for the amount of carbon allocated to different 

processes and functions (Fatichi et al., 2014; Korner, 2015). Carbon allocation has three aspects: (1) 

the amount of material present at a given point in time, measured as biomass fractions; (2) the flow 

of carbon into the different functional processes (e.g., respiration, growth) per unit time, measured 

as a flux; and (3) the fraction of the total available carbon that is used by a functional process per 

unit of time (Fig. 1). From these three, only biomass is commonly assessed in many studies because 

fluxes are difficult to measure (e.g., root respiration) and/or the total amount of available carbon, 

i.e. the whole-plant carbon balance, is often unknown (Poorter et al., 2012). However, without 

considering all three aspects of allocation, a thorough understanding of the control mechanisms, 

especially at the whole-plant level, cannot be achieved (Litton et al., 2007). Predictions of plant 

responses to climate change cannot be realistic without a thorough understanding how plant 

manage their resources, especially non-structural carbohydrates (Dietze et al., 2014). In order to 
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assess all three aspects research must apply a variety of tools, for example, isotopic labelling of plant 

carbon and measurements of the whole-plant carbon balance. 

 

Figure 1 The central role of non-structural carbohydrates (NSC) in carbon allocation and plant 
functioning. 
The boxes symbolize allocation pools (biomass) that can usually be easily measured but 
provide information on cumulative allocation at a given point in time only (e.g., seasonal 
growth). Arrows between pools represent fluxes, like respiration, that can be assessed either 
directly using, for example, gas exchange measurements or derived via tracers like isotopic 
markers (e.g., 13CO2). The sizes of the arrows represent the fractions of available carbon (net 
carbon balance) that flows from one pool to another. Such information is extremely insightful 
for understanding plant allocation strategies but very hard to assess, especially in the field. To 
do so, one needs to know all components of the plant carbon balance. 

 

5. Carbon isotopes – a unique tool for investigating allocation fluxes 

Most carbon (98.93%) has a molar mass of 12 but two other naturally occurring isotopes exist: 
13C, a stable isotope (~1.07%) and radiocarbon (14C, ~1.1 out of 1012 atoms) with a half-life of ~5730 

years. There are many other known carbon isotopes (8C to 22C) but they do not occur naturally and 

are very unstable and decay within fractions of seconds, except 11C with a half-life of ~ 20 minutes. 

Isotopes are usually not reported in terms of absolute abundances because of difficulty in 

quantitative representation. Instead, the proportion of each isotope in a given sample is analysed 

and this ratio is often reported as a fraction of the source ratio (e.g., isotopic ratio of CO2 in air, if 

known) or of an international standard with known isotope ratio (VPDB, Vienna Peedee Belemnite), 

defined as δ13C (eq. 1). 

     (1) 
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Plants take up carbon dioxide regardless of its isotopic composition but due to 

thermodynamic principles some of the processes involved in carbon assimilation by plants, like 

diffusion of CO2 into leaves and carboxylation reactions in the chloroplast, discriminate against 

heavy carbon isotopes. The ratio of heavy to light carbon isotopes is hence smaller in plant biomass 

than in the source air. Discrimination against heavy carbon isotopes and the resulting isotope ratio 

are influenced by factors regulating carbon uptake, namely stomatal aperture and photosynthetic 

rates. Therefore changes in the isotope ratio of plant biomass can be used to infer on the underlying 

metabolic and environmental forcing of carbon uptake, like e.g. drought-induced stomatal closure. 

Moreover, isotopes can also be used as tracers in plant carbon allocation. By ‘feeding’ plants 

with air having CO2 with an isotopic ratio different than ambient air one can follow such a pulse of 

‘labelled’ carbon from assimilation and into targeted processes (e.g., CO2 emitted via respiration) or 

pools (e.g., non-structural carbohydrates). Depending on the scientific questions, the amount of 

carbon allocated to a specific process and the turnover time of the investigated carbon pool, the 

duration of exposure of the plant to the label and the strength of the label (i.e. the isotopic deviation 

from ambient air) can vary substantially (Epron et al., 2012). 

Radiocarbon can also be a 

very useful tool in studies on 

carbon relations in plants. While 

the half-life of 14C is commonly 

applied to estimate the age of 

material containing plant-

derived carbon (e.g., wood 

beams, paint), an involuntary 

labelling of the atmosphere 

during nuclear bomb test in the 

1960s is used to derive estimates 

of time elapsed since carbon 

assimilation with a high 

temporal resolution (Fig. 2). The 

derived ‘carbon age’ allows 

inferences on the use of older 

carbon for metabolism, for example, respiration (Muhr et al., 2013) or estimations of turnover times 

of carbon pools (like non-structural carbohydrates in xylem sap, see chapter 9.8). Carbon isotope 

 

Figure 2 The atmospheric 14C curve from 1960 to 2012. 
When taking a plant sample the  (i.e. difference in  where  
denotes the difference in δ14C in atmosphere to pre-bomb δ14C) of that 
sample will likely be above the atmospheric curve. This signal can be 
traced back to deduce that this carbon has been accumulated when the 
atmospheric 14C was still higher, in the shown example at ~1980. 
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analysis including both stable and radioactive forms will be a common and essential tool throughout 

most of the research chapters presented in this thesis. 

6. Measuring the whole-plant carbon balance 

Plants are somewhat like small enterprises. The have an income (carbon uptake), running costs 

(maintenance respiration), production costs (e.g., growth respiration, energy demands for nutrient 

uptake, synthesis of enzymes required for photosynthesis), other expenses like marketing (e.g., 

defence, attraction of pollinators) and they must strategically place investments (i.e. allocation) to 

ensure survival and reproduction. The plant carbon balance can therefore be viewed as the finance 

plan of an enterprise. However, some of the budget positions cannot be easily measured and must 

be deduced from other, more easily assessed but often concurrent functions or processes. For 

example, growth and maintenance respiration can usually not be differentiated directly and must be 

derived computationally by subtracting, as some kind of approximation, respiration during periods 

of zero growth from total respiration (Ryan, 1990). On the other hand, for estimates of the whole-

plant carbon balance, differentiating between these two fluxes may not be important since both 

cost positions are summed in total respiration. 

During the last five years, my research group built up and employed an experimental design that 

allows us to assess the whole-plant carbon balance by measuring two major net fluxes: assimilation 

and respiration. We do this by growing plants in small chambers continuously flushed with air and by 

measuring [CO2] of the air entering and the air leaving the chambers. The concentration difference 

multiplied by the flow rate of air through the chamber and summed over the whole day 

quantitatively yields the carbon gained (total daily assimilation > total daily respiration) or lost by the 

plant(s) (Fig. 3). 

The resulting total available carbon can then be partitioned among functional biomass pools, 

yielding fractions of available carbon allocated to different functions or processes. Hence, our 

approach allows assessing all three aspects of allocation. To increase the number of flux 

measurements, we infer fluxes from repetitive measurements of biomass pools (e.g., non-structural 

carbohydrates), taking the difference in pool concentrations multiplied by the size of the pool (the 

biomass containing the pool, for example, leaf non-structural carbohydrate concentrations 

multiplied by leaf biomass) as the best estimate of the flux into or out of the pool. In addition, the 

use of isotopic markers, added to the air stream going into the chamber, allows inferences on the 

flux into different pools. The change in the isotopic composition of the pools indicates the amount of 
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carbon that went into that pool where the degree of change from the initial isotopic composition is 

proportional to the allocated amount of carbon (see chapter 9.4). 

 

Figure 3 Schematic cartoon of the design 
for assessing the whole-plant carbon 
balance of plants during experiments. 
The facility allows controlling [CO2] and 
carbon isotopic composition of the air 
going into the chamber. Atmospheric CO2 is 
first removed from ambient air, then CO2 
from a bottle is added to this air to achieve 
pre-set [CO2]. Measurements of [CO2] of 
the air entering and leaving the chambers 
and multiplied by the flow rate of the air 
yield the carbon balance of the plant. 
Modifications of the [CO2] of the air 
entering the chamber also allow altering 
the plant carbon balance. 

 

7. Using resource limitation to reveal allocation patterns and strategies 

The facility described in the previous section allows not only assessing but also manipulating the 

whole-plant carbon balance. To do so, the [CO2] of the air entering the chamber can be either 

enriched (with respect to current ambient concentration ~ 400 ppm) or depleted. Enrichment may 

be used to investigate plant responses to future atmospheric [CO2], while depletion allows research 

on plant functioning under paleo-climatic conditions or on carbon allocation priorities. Reducing 

[CO2] restrains plant carbon availability and also sets tighter boundaries for carbon allocation 

because the plant assimilates less carbon and can therefore also spend less. Monitoring of allocation 

fluxes (via direct measurements, isotopic markers or pool size changes over time) will indicate which 

of the fluxes are reduced the most and which the least. We assume that allocation sinks that are 

maintained (or less severely reduced than others) under carbon limitation have a high allocation 

priority. The resulting pattern of allocation can be taken as an indicator for allocation strategies 

(ensemble of responses to stress or environmental change) or used to derive cost-benefit scenarios 

during exchanges with symbiotic partners (see 9.10). This methodology is a central theme in several 

of the research chapters. 

8. Carbon, carbon, carbon – mortality mechanisms and allocation strategies 

When I started a postdoc at the Max-Planck Institute for Biogeochemistry in Jena, drought-

induced tree mortality had become a hot topic in forest ecological research. In 2010 Allen et al. 

reported data suggesting an emerging climate change risks for forests and this publication  
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stimulated much discussion in many relevant international journals and at major ecological 

conferences and earth-science meetings. In their meta-analysis, Allen et al. (2010) documented that 

increasing tree mortality rates and more frequent forest die-off events were linked to heat spells 

and drought. 

McDowell et al. (2008) proposed the 

hydraulic framework that links stomatal 

regulation of water loss during drought with 

reductions in carbon assimilation. For species 

that control water loss during drought with early 

stomatal closure this would lead, for extended 

drought periods, to carbon storage dependency 

and, ultimately, to carbon starvation. Species 

with less conservative stomatal control, 

however, would die of desiccation via hydraulic 

failure (irreversible interruption of water 

transport, Fig. 4). 

Given my background in tree mortality I 

decided to contribute to this debate by laying 

out a strategy for ongoing research as a means 

to partition effects of potential mortality 

mechanisms. My research agenda expanded 

upon the hydraulic framework by including 

carbon translocation (i.e. storage mobilization 

and transport) as a potential additional mortality 

mechanism (Chapter 1: No water no transport no 

carbon). During drought plant water potential 

will decrease and independent of a species’ 

stomatal regulation. This, in turn, negatively 

affects phloem functioning (Sevanto, 2014) and 

thus a tree’s ability to remobilize and transport stored carbon across organs, i.e. from storage tissues 

to metabolically active tissues. This may result in a depletion of carbon reserves locally, i.e. in sink 

tissues (Fig. 4). I carried out a series of experiments to address the role of these mechanisms during 

lethal drought, with a particular focus on carbon relations (Table 1). 

 

Figure 4 Potential drought-induced tree mortality 
mechanisms ('hydraulic framework', McDowell et al., 
2008). 
Species that down-regulate stomatal conductance (GS) 
early during drought (left) also hamper carbon 
assimilation and have to rely, especially during 
extended drought periods, on stored carbon to fuel 
metabolism. If these conditions persist, carbon 
reserves may be depleted, causing carbon starvation. 
By contrast species may not down-regulated stomatal 
conductance very early during drought (black arrows, 
right) and risk further water loss and decreasing water 
potential that can lead to xylem embolism, 
interruption of water transport and tissue desiccation, 
especially during severe droughts. However, given that 
drought will always cause reductions in plant water 
potential phloem functioning will also be negatively 
affected and thus a tree’s ability to remobilize and 
transport stored carbon across organs, i.e. from 
storage tissues to metabolically active tissues. This 
may result in a depletion of carbon reserves locally, i.e. 
in sink tissues. 
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Table 1 Main research questions that will be addressed in the research chapters, categorized by major 

research topic, type of work (research or review/synthesis) and the corresponding reference. 

Research question(s) 
Chapter 

Type 
Reference 

Drought-induced tree mortality   

McDowell’s hydraulic framework is incomplete 
9.1 

Review 

Hartmann 2011 

Global Change Biology 

Does drought cause carbon starvation? 
9.2 

Research 

Hartmann et al. 2013 

Functional Ecology 

Does reduced hydration prevent whole-tree carbon starvation? 
9.3 

Research 

Hartmann et al. 2013 

New Phytologist 

Does drought prevent carbon allocation from source to sink organs? 
9.4 

Research 

Hartmann et al. 2015 

Tree Physiology 

Is carbon starvation during drought impossible? 
9.5 

Review 

Hartmann 2015 

Journal of Plant Hydraulics 

General carbon relations in forest trees during drought   

How does elevated temperature affect whole-tree carbon balance during 
drought? 

9.6 

Research 

Zhao et al. 2013 

New Phytologist 

Can tree use alternative substrate for respiration during drought? 
9.7 

Research 

Fischer et al. 2015 

New Phytologist 

How many growing seasons contribute to trees carbon reserves? 
9.8 

Research 

Muhr et al. 2016 

New Phytologist 

What is the role of carbohydrates in tree functioning? 
9.9 

Review 

Hartmann & Trumbore 2016 

New Phytologist 

Carbon allocation within plants and with symbiotic partners   

Are plants or mycorrhiza in charge during symbiotic resource exchanges? 
9.10 

Research 

Zhang et al. 2015 

Plant and Soil 

Is carbon allocation to defence is constrained by carbon availability? 
9.11 

Research 

Huang et al. 2017 

Plant Cell Environment 

How is whole-plant allocation patterns are orchestrated by phytohormones? 
9.12 

Research 

Huang et al. 2017 

Journal of Experimental 
Botany 

 

The first experiment addressed whole-tree carbon dynamics in response to lethal drought based 

on tissue level measurements, thereby extending on the organism-centered hydraulic framework. 

The main question here was whether lethal drought would cause carbon starvation (Chapter 2: Only 

roots starve during drought). Using a unique and novel experimental approach I addressed in a 

follow-up manipulation the role of carbon translocation across organs as a drought mortality 

mechanism (Chapter 3: You can’t starve while being thirsty) and also used the data set to investigate 

general allocation responses to drought, with a particular focus on allocation to carbon reserves 
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(Chapter 4: Saving your last penny – carbon storage during starvation). The accumulated information 

from these studies allowed me to make a unique contribution to resolve the debate in the literature 

about whether carbon starvation in trees occurs at all (Chapter 5: You can’t starve while being 

thirsty – part II). Work carried out in my group also addressed interactive effects of drought and 

elevated temperature (often occurring concomitantly) on the tree carbon balance (Chapter 6: The 

dry and the wet drought) and drought effects on storage carbon metabolism (Chapter 7: Sweet 

drought and fatty shade). We further investigated the turnover time of carbon in reserves, i.e. the 

number of growing seasons contributing to the carbon in reserve pools, as a proxy for a tree’s 

potential to endure extended disturbances that reduce carbon assimilation, like recurrent 

defoliations (Chapter 8: Old fresh sugar maple syrup). With these studies, I earned myself a robust 

reputation in this field of research and was able to lead the community in synthesizing existing 

knowledge and setting research priorities for future research in tree carbon relations in general 

(Chapter 9: New avenues for research on carbohydrates). 

During these years, my research slowly evolved from addressing very specific questions 

regarding drought-induced tree mortality to the general topic of carbon allocation in plants (Table 

1). After all, responses of forest trees to drought are, seen from a carbon perspective, just a specific 

case of strategic carbon investments to tolerate or overcome environmental change or stress. 

Hence, the more recent research in my group focuses not only on carbon allocation strategies in 

response to stress within the plant, i.e. allocation across tissues and functional pools, but also within 

a context of plant symbiotic interactions with mycorrhiza (Chapter 10: You just can’t get enough but 

you still have to share). In addition, our work now focuses on allocation patterns including pools and 

fluxes that are difficult to assess, like production of secondary metabolites and emissions of volatile 

organic substances (Chapter 11: To defend or not defend, that is here the question) and also on the 

underlying control mechanisms of carbon allocation by including phytohormonal analysis at the 

whole-plant level (Chapter 12: Carbon and the works – orchestration of allocation). 

 



  

9. Research chapters 

9.1. Chapter 1: No water no transport no carbon 

 

Hartmann H. (2011) Will a 385 million year-struggle for light become a struggle for water and for 
carbon? – How trees may cope with more frequent climate change-type drought events. Global 
Change Biology, 17, 642-655. 
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9.2.  Chapter 2: Only roots starve during drought 

 

Hartmann H., Ziegler W. & Trumbore S. (2013) Lethal drought leads to reduction in nonstructural 
carbohydrates in Norway spruce tree roots but not in the canopy. Functional Ecology, 27, 413-427. 
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9.3. Chapter 3: You can’t starve while being thirsty 

 

Hartmann H., Ziegler W., Kolle O. & Trumbore S. (2013) Thirst beats hunger – declining hydration 
during drought prevents carbon starvation in Norway spruce saplings. New Phytologist, 200, 340-
349. 
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9.4. Chapter 4: Saving your last penny – carbon storage during starvation 

 

Hartmann H., McDowell N.G. & Trumbore S. (2015) Allocation to carbon storage pools in Norway 
spruce saplings under drought and low CO2. Tree Physiology, 35, 243-252. 
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9.5. Chapter 5: You can’t starve while being thirsty – part II 

 

Hartmann H. (2015) Carbon starvation during drought-induced tree mortality – are we chasing a 
myth? Journal of Plant Hydraulics, 2, e005, 1-5. 
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9.6. Chapter 6: The dry and the wet drought 

 

Zhao J., Hartmann H., Trumbore S., Ziegler W. & Zhang Y. (2013) High temperature causes negative 
whole-plant carbon balance under mild drought. New Phytologist, 200, 330-339. 
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9.7. Chapter 7: Sweet drought and fatty shade 

 

Fischer S., Hanf S., Frosch T., Gleixner G., Popp J., Trumbore S. & Hartmann H. (2015) Pinus sylvestris 
switches respiration substrates under shading but not during drought. New Phytologist, 207, 542-
550. 

 

 



HENRIK HARTMANN PATTERN AND CONTROL MECHANISMS IN CARBON ALLOCATION 85 
 



HENRIK HARTMANN PATTERN AND CONTROL MECHANISMS IN CARBON ALLOCATION 86 
 



HENRIK HARTMANN PATTERN AND CONTROL MECHANISMS IN CARBON ALLOCATION 87 
 



HENRIK HARTMANN PATTERN AND CONTROL MECHANISMS IN CARBON ALLOCATION 88 
 



HENRIK HARTMANN PATTERN AND CONTROL MECHANISMS IN CARBON ALLOCATION 89 
 



HENRIK HARTMANN PATTERN AND CONTROL MECHANISMS IN CARBON ALLOCATION 90 
 



HENRIK HARTMANN PATTERN AND CONTROL MECHANISMS IN CARBON ALLOCATION 91 
 

 



  

9.8. Chapter 8: Old fresh sugar maple syrup 

 

Muhr J., Messier C., Delagrange S., Trumbore S., Xu X. & Hartmann H. (2016) How fresh is maple 
syrup? Sugar maple trees mobilize carbon stored several years previously during early springtime 
sap-ascent. New Phytologist, 209, 1410-1416. 
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9.9. Chapter 9: New avenues for research on carbohydrates 

 

Hartmann H. & Trumbore S. (2016) Understanding the roles of nonstructural carbohydrates in forest 
trees – from what we can measure to what we want to know. New Phytologist, 211, 386-403. 
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9.10. Chapter 10: You just can’t get enough but you still have to share 

 

Zhang H., Ziegler W., Han X., Trumbore S. & Hartmann H. (2015) Plant carbon limitation does not 
reduce nitrogen transfer from arbuscular mycorrhizal fungi to Plantago lanceolata. Plant and Soil, 
396, 369-380. 
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9.11. Chapter 11: To defend or not defend, that is the question 

 

Huang J., Hammerbacher A., Forkelová L. & Hartmann H. (in press) Release of allocation resource 
constraints allows greater allocation to secondary metabolites and storage in winter wheat Plant Cell 
Environment. DOI: 10.1111/pce.12885. 

 

 



HENRIK HARTMANN PATTERN AND CONTROL MECHANISMS IN CARBON ALLOCATION 131 
 



HENRIK HARTMANN PATTERN AND CONTROL MECHANISMS IN CARBON ALLOCATION 132 
 



HENRIK HARTMANN PATTERN AND CONTROL MECHANISMS IN CARBON ALLOCATION 133 
 



HENRIK HARTMANN PATTERN AND CONTROL MECHANISMS IN CARBON ALLOCATION 134 
 



HENRIK HARTMANN PATTERN AND CONTROL MECHANISMS IN CARBON ALLOCATION 135 
 



HENRIK HARTMANN PATTERN AND CONTROL MECHANISMS IN CARBON ALLOCATION 136 
 



HENRIK HARTMANN PATTERN AND CONTROL MECHANISMS IN CARBON ALLOCATION 137 
 



HENRIK HARTMANN PATTERN AND CONTROL MECHANISMS IN CARBON ALLOCATION 138 
 



HENRIK HARTMANN PATTERN AND CONTROL MECHANISMS IN CARBON ALLOCATION 139 
 



HENRIK HARTMANN PATTERN AND CONTROL MECHANISMS IN CARBON ALLOCATION 140 
 



HENRIK HARTMANN PATTERN AND CONTROL MECHANISMS IN CARBON ALLOCATION 141 
 



HENRIK HARTMANN PATTERN AND CONTROL MECHANISMS IN CARBON ALLOCATION 142 
 



HENRIK HARTMANN PATTERN AND CONTROL MECHANISMS IN CARBON ALLOCATION 143 
 

 



  

9.12. Chapter 12: Carbon and the works – orchestration of allocation 

 

Huang, J., Reichelt, R., Chowdhury, S., Hammerbacher, A. & Hartmann, H. (in press) Increasing 
carbon availability stimulates growth and secondary metabolites via modulation of phytohormones 
in winter wheat. Journal of Experimental Botany. DOI: 10.1093/jxb/erx008. 
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10. Did I find all the answers to my questions? 

The research described in this thesis has led to some interesting insights into plant functioning 

and hence allowed me to achieve most of the objectives I had set for my pre-habilitation 

qualification. My early studies on drought-induced mortality mechanisms have highlighted that the 

hydraulic framework proposed by McDowell et al. (2008) was too simplistic and not able to predict 

real-world response to drought. Reducing tree physiological responses to lethal drought to only 

species-specific leaf-level stomatal behaviour neglects other aspects of carbon dynamics, like 

translocation of carbon across plant organs via the phloem (Table 2, Hartmann, 2011). 

Table 2 Main results for the research questions addressed in the research chapters. 

Research question(s) Main result 

Drought-induced tree mortality 
McDowell’s hydraulic framework is incomplete Carbon translocation as additional mechanism 

Does drought cause carbon starvation? Only local carbon starvation, likely from reduced carbon transport 

Does reduced hydration prevent whole-tree 
carbon starvation? Only well-watered trees can deplete all their carbon reserves 

Does drought prevent carbon allocation from 
source to sink organs? Not completely but enough to cause a net carbon depletion 

Is carbon starvation during drought impossible? Not enough data available to adequately respond to this question 

General carbon relations in forest trees during drought 
How does elevated temperature affect whole-
tree carbon balance during drought? Carbon balance becomes negative in wetter soils at high temperature 

Can tree use alternative substrate for respiration 
during drought? 

Trees depend on stored carbohydrates during drought while they can 
switch to lipids under shading 

How many growing seasons contribute to trees 
carbon reserves? On average between 4 to 5 growing seasons 

What is the role of carbohydrates in tree 
functioning? New approaches are required to address processes of tree functioning 

Carbon allocation within plants and with symbiotic partners 
Are plants or mycorrhiza in charge during 
symbiotic resource exchanges? 

Plantago reduces carbon expenses without negative impact on 
nitrogen returns by mycorrhiza 

Is carbon allocation to defence is constrained by 
carbon availability? 

Yes, because allocation to secondary metabolites increases with 
carbon availability 

How are whole-plant allocation patterns 
orchestrated by phytohormones? 

Auxin and jasmonates regulate growth and secondary metabolites 
whereas abscisic and salicylic acid respond to oxidative stress 

 

Our tissue-level study on carbon dynamics during lethal drought in Norway spruce (Picea abies, 

Hartmann et al., 2013b) proved that within a given species, and irrespective of its stomatal 

behaviour, carbon dynamics are defined at the organ level, likely because drought-induced 

reductions in phloem functioning isolate organs from each other. In our study, root carbohydrate 

concentrations were very low when trees died, apparently from carbon starvation, while leaves 

(needles) senesced with high levels of carbohydrates, some even higher than in control trees. Roots 
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were not able to use the carbohydrates that were still available in above-ground tissues because 

they couldn’t be transported via the phloem into the roots (Hartmann et al., 2013b), or the transport 

was not sufficiently large to satisfy belowground demands (Hartmann et al., 2015). This finding was 

corroborated during a starvation experiment, also on Norway spruce, which showed that a depletion 

of carbohydrate pools at the whole-tree level, i.e. carbon starvation, can only occur when plants 

were well hydrated (Hartmann et al., 2013a). Our studies provided empirical evidence to explain 

why field observations have often shown inconsistent results with respect to carbon dynamics 

during drought, i.e. sometimes carbohydrate concentrations increase (Galvez et al., 2011; Anderegg 

et al., 2012) while in other instances they decrease (Galiano et al., 2011; Galvez et al., 2013; Poyatos 

et al., 2013). A recent synthesis analysis of ~20 lethal drought experiments (Henry Adams, 

unpublished data) showed that carbohydrate depletion during drought mortality is not universal 

while strong reductions (> 60 %) in hydraulic conductivity are very common. Such observations have 

supported doubts over whether carbon starvation does actually happen in plants (Körner, 2015). Our 

results suggest that findings may differ depending on which organ is measured, and this may 

contribute to apparent inconsistencies in observations. However, as a carbon-starved root system 

will lead to tree death even if the above-ground organs are not starving, we may consider using the 

term local carbon starvation instead (Hartmann et al., 2013b). 

A major problem in drought research is the current inability to define drought severity as 

perceived by the plant. Soil water content is commonly used to infer treatment severity in drought 

manipulation experiments. However, our results show this may not be an indicative measure of 

whole-plant carbon balance, as drought can lead to a negative carbon balance at relatively high soil 

water content, depending on ambient temperature and the amount of soil water physiologically 

available to plants. In our study on Easter white cedar (Thuja occidentalis, Zhao et al., 2013) the 

carbon balance became zero (daily assimilation < daily respiration) at a much higher soil water 

content (~20 % vs. 11%) when plants were grown at 35°C instead of 15°C. 

Furthermore, we could show that carbon storage pools may be sufficiently large, at least in 

Sugar maple (Acer saccharum), to make up for several years of assimilation failure (like recurrent 

defoliations or multiannual drought, Muhr et al., 2016). However, drought hampers not only 

carbohydrate translocation across organs and from sources to sinks (Ruehr et al., 2009) but also 

carbohydrate metabolism (Fischer et al., 2015). During drought young pine trees (Pinus sylvestris) 

were forced to rely on carbohydrates as the sole substrate source for respiration while under carbon 

limitation (via shading) they were able to switch to lipids as energy source – after using up most of 

the carbohydrates. Surprisingly, drought trees couldn’t mobilize sufficient amounts of carbohydrates 
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to sustain metabolism and needed to strongly reduce respiration rates (Fischer et al., 2015). The 

causes for this apparent paradox, i.e. the trees being unable to mobilize carbohydrates AND being 

unable to use alternative respiratory substrates at the same time, have not been resolved yet but 

further studies are planned to specifically address this question. Taken together our studies on 

carbon dynamics in trees suggest that carbon (carbohydrate) starvation during drought has not been 

sufficiently studied yet to discard it as a potential mortality mechanism (Hartmann, 2015). 

Carbohydrate concentrations, although currently used as indicator for carbon limitation (Hoch, 

2015), are the result of many different processes and should not be mistaken as a plant function per 

se (Hartmann & Trumbore, 2016). Hence, future studies should focus more on the underlying 

processes which are determinate for plant function and survival – whether during drought or under 

normal conditions. 

Consequently, my own most recent research has been redirected more towards the mechanisms 

that control plant functioning. For example, we were able to show that plants can modify 

interactions in resource exchange with symbiotic partners to their advantage. Using an advanced 

experimental design that separated plants from an essential resource, nitrogen, and forcing them 

into an obligate relationship with mycorrhiza to gain access to this resource, we were able to show 

that plantago plants (Plantago lanceolata) grown under carbon limitation could reduce carbon 

expenditure to fungal hyphae by ~ 60 % while still receiving the same amount of nitrogen from the 

fungus (Zhang et al., 2015). Furthermore, in a study on winter wheat (Triticum aestivum) we showed 

that carbon allocation to respiration was a constant parameter and independent of carbon 

availability while partitioning to growth, storage and defence increased with increasing carbon 

availability (Huang et al., 2016a). Hence, trade-offs between growth and defence, as claimed by the 

“Growth-Differentiation-Balance Theory”, became questioned (cf. Matyssek et al., 2012a; Matyssek 

et al., 2012b). In the same species, we have been investigating control mechanisms of plant growth 

and allocation using whole-plant phytohormone analysis. We were able to show that auxin and 

jasmonates are involved in whole-plant regulation of growth and secondary metabolites whereas 

abscisic and salicylic acid may be associated with leaf oxidative stress in response to low carbon 

availability (Huang et al., 2016b). These recent studies suggest an additional angle for future 

research that integrates our approach on carbon balance and tracing carbon through metabolic 

pathways to focus on questions of biochemical and molecular control mechanisms of plant carbon 

allocation. 
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11. What do I still want to know? 

Much! Although research on plant carbon allocation has now a long history there are still many 

knowledge gaps. These gaps hamper our ability to predict plant responses to increasingly rapid 

environmental change. Mooney (1972) stated more than four decades ago that “through a 

quantitative understanding of how different plants gain and allocate their resources it will be 

possible to make predictions as to their success in any given physical environment in combination 

with any competitor and predator. We are still far from this reality”. Unfortunately, in the 

intervening 45 years, we have not gotten much closer to achieving this goal. Dynamic vegetation 

models have been developed to make predictions of terrestrial ecosystem responses and 

biogeochemical processes under rapid climate change (Cramer et al., 2001). However, many of these 

models still do not represent carbon allocation or even tree mortality in a realistic way and especially 

the representation of carbon storage reserves in trees requires more realism (Dietze et al., 2014). 

Forests are important because they make up most of the mass of terrestrial vegetation and play an 

essential role for the cycling of life-sustaining elements and compounds (e.g., water, carbon, 

nitrogen). As observations are accumulating that indicate an increasing climate change risk for 

forests (Allen et al., 2010) there is a need to better understand the physiological responses of forest 

ecosystems to climate change (Allen et al., 2015). Carbon allocation is the means by which plants 

adjust to environmental change and substantial advances are necessary to achieve a fundamental 

and mechanistic understanding of plant functioning in a rapidly changing environment and to predict 

future vegetation condition. 

My postdoctoral research had focused on tree mortality mechanism and progressively migrated 

to general questions on tree carbon relations and carbon allocation patterns. These studies were 

done mainly under controlled environmental conditions in garden and greenhouse experiments and 

have contributed to improving our understanding of plant functioning. However, there are still many 

open questions regarding the role of carbohydrates in plant functioning and, in particular, regarding 

the role of carbon reserves in plant survival to stress (Hartmann & Trumbore, 2016). I enumerate a 

few: 

(1) To what extent are older NSC stores available for metabolism? 

(2) Do plants under stress shift sources of carbon substrates used in metabolism? 

(3) Is allocation to storage in long-lived organisms like trees maintained even under carbon 

limitation and at the expense of allocation to other sinks like growth to ascertain long-term 

survival? And, most importantly; 
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(4) What controls storage? 

My current challenges thus still address limitations of carbon allocation but will focus more on 

the underlying control mechanisms. A particular emphasis will lie on the regulatory processes of 

carbon storage in trees and other perennial plants and will involve both biochemical and molecular 

tools (Dietze et al., 2014). So far investigations on control mechanisms of carbon reserve formation 

have been carried out in annual herbal model plants like Arabidopsis and for processes running on 

diel scales (Stitt & Zeeman, 2012). Given the importance of carbon reserves for preventing 

starvation, especially in species that can live for decades or even centuries, such studies should be 

extended to perennial species (Stitt & Zeeman, 2012). The insights gained in laboratory and 

greenhouse experiments must then be confronted with data from field observation and 

manipulations to test how fine-scale process understanding integrates at larger scales and at 

ecosystem level (Fig. 5). 

Corroborative findings will then allow building more realistic predictive mechanisms for 

vegetation modelling while contradictory results may help refining objectives for ecophysiological 

research under controlled conditions. 

Some of these investigations are already underway. To address question (1) listed above, we 

have girdled sugar maple and white birch (Betula pendula) trees in Canada and Finland, respectively. 

Both species mobilize carbon reserves in spring-time xylem sap ascent (see chapter 9.8) and we 

investigate potential shifts in 14C signature of the mobilized carbon pool that would indicate the 

use of older carbon for metabolism. Question (2) on shifts in respiratory substrates will be addressed 

 

Figure 5 Research path during the last 7 years and current as well as future research challenges. 
My postdoctoral research has started with manipulations addressing tree mortality mechanisms (left) and has then 
progressively migrated (orange arrows) toward investigations under controlled environmental conditions on general 
tree carbon relations. The more recent investigations on allocation patterns build upon whole-tree assessments of all 
three aspects of allocation (see section 6). The topics that have been addressed during that phase (green arrows) will 
be further investigated in the upcoming years (red arrows), with a particular focus on the underlying control 
mechanisms of carbon allocation. To do so, the application of additional biochemical and molecular tools 
(phytohormones, transcriptome analysis) will provide insights that can then be validated and refined with field trails 
and observations of plant and ecosystem responses to stress and environmental change. 
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in an Israeli-German collaborative project with Prof. Alon Angert of the Hebrew University of 

Jerusalem. Questions (3) and (4) are central elements of a running PhD project that manipulates 

carbon availability of spruce trees and that assesses diverse whole-plant allocation pools and fluxes 

as well as the underlying regulatory processes by using phytohormonal and transcriptome analysis. 

Finally, the application of this process understanding to field experimentations has been initiated in 

collaboration with Profs. Matyssek and Grams within the TUM KROOF rain-exclusion experiment 

where I am contributing by investigating carbohydrate dynamics in mature trees at Kranzberg 

Forest/Freising in response to drought. The next step will be a drought manipulation in the cerrado 

of south-western Brazil at the Tanguro farm in Mato Grosso. These forests are expected to be 

strongly affected by an anticipated substantial increase of the dry season length and will likely 

become hotspots of vegetation shifts and tree mortality. Using a variety of tools, including isotopic 

labelling, this experiment will become an ideal platform to test how environmental changes 

influence tree carbon relations and allocation patterns. The planning for this experiment, carried out 

in collaboration with our Brazilian (Amazon Environmental Research Institute, IPAM) and American 

partners (Woodshole Research Center) is running and a PhD student (David Andres Herrera Ramirez) 

and a postdoc (Daniel Marra) will start working on the implementation of our collaboration in March 

2017. I am certain that many interesting new aspects identified during all my current and upcoming 

investigations will further enrich my future career path. 
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