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Summary

New Phytologist (2016) Global forests are experiencing rising temperatures and more severe droughts, with
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I. Introduction

consistently dire forecasts for negative future impacts. Current research on the physiological
mechanisms underlying drought impacts is focused on the water- and carbon-associated
mechanisms. The role of nutrients is notably missing from this research agenda. Here, we
investigate what role, if any, forest nutrition plays for survival and recovery of forests during
and after drought. High nutrient availability may play a detrimental role in drought survival
due to preferential biomass allocation aboveground that (1) predispose plants to hydraulic
constraints limiting photosynthesis and promoting hydraulic failure, (2) increases carbon costs
during periods of carbon starvation, and (3) promote biotic attack due to low tissue carbon:
nitrogen (C: N). When nutrient uptake occurs during drought, high nutrient availability can
increase water use efficiency thus minimizing negative feedbacks between carbon and
nutrient balance. Nutrients are released after drought ceases, which might promote faster
recovery but the temporal dynamics of microbial immobilization and nutrient leaching have a
significant impact on nutrient availability. We provide a framework for understanding
nutrient impacts on drought survival that allows a more complete analysis of forest ecosystem
responses.

insects and pathogens (McDowell, 2011; Hartmann ez al., 2013;
Anderegg ez al., 2015 and many others). Our understanding of the

Research on the physiological mechanisms of drought-induced
mortality has grown significantly in recent years as observations and
simulations have increasingly pointed to the growing threat of
climate change impacts on forests (reviewed recently in Allen ez al.,
2015). The logical impacts of drought and warming on plant
carbon (C) and water economies have driven research to focus
almost exclusively on these factors, with additional emphasis on

© 2016 The Authors
New Phytologist © 2016 New Phytologist Trust

mechanisms of drought-induced impairment of plant functioning
and subsequent mortality, as well as tree and ecosystem recovery
after mortality events, has grown enormously via this international-
scale effort (Lloret ez al., 2012; Allen ez al., 2015; Box 1).

Plant growth and distribution has traditionally focused not only
on the C and water cycle mechanisms, but also on the critical role
of soil available nutrients (e.g. Oren ez al., 2001; Box 1). Nutrient

New Phytologist (2016) 1
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Box 1 Brief history of nutrient and drought research in forest
ecosystems

Nutrients and growth Nutrients are major limiting factors for plant
and forest productivity (Fisher etal., 2012) even though water
limitation might be of similar and growing importance (Craine
etal., 2012). Amongst the essential nutrients, nitrogen (N) plays a
major role in limiting growth and productivity of forests (Vitousek
& Howarth, 1991). Excessive anthropogenic N input into forests
might, however, not only increase growth but also lead to nutrient
imbalances and chronic damages (e.g. Schulze, 1989). N, together
with sulfur (S) and phosphorus (P), also controls the shoot-to-root
ratio, leading to relatively greater biomass allocation to roots when
these nutrients are limiting (Marschner etal., 1996).

Drought mortality Classic texts on the impact of climate on forest
mortality originated from Manion (1981), Franklin etal. (1987)
and Waring (1987), that were later put into physiological
frameworks (Martinez-Vilalta et al., 2002; McDowell et al., 2008,
2011). According to these, drought forces plants to narrow their C
and hydraulic safety margins to points where they may be at risk of
physiological failure or failure to defend against biotic attacks
(McDowell etal., 2011). Evidence to date supports this frame-
work, with most plants that die of drought experiencing a large
degree of hydraulic failure (McDowell et al., 2013; Anderegg et al.,
2015; Sperry & Love, 2015) and often but not always, a significant
decline in carbohydrate stores (H. Adams et al., unpublished). This
hydraulic framework did not consider the impact of nutrient
availability (the word ‘nutrient’ is not mentioned in McDowell
etal., 2008, 2011).

availability influences productivity of forests through photosyn-
thetic, allocation, and stoichiometric effects (Sardans ez /., 2015).
However, despite the strong legacy of research on forest nutrition
and the rapidly growing literature on drought-induced mortality,
there are few publications investigating the interaction between
drought and plant nutrition (review by Gessler ez al., 2004) and the
role of nutrients in drought survival and mortality (Royo &
Knight, 2012; Wang ezal., 2012; Sergent eral., 2014). In this
paper, we argue that consideration of nutrients may give a more
complete understanding of plant drought survival and post-
drought growth. We review the potential role of nutrient
availability before, during, and after drought on the likelihood of
drought-induced mortality and survival, and on the ability of
ecosystems to recover growth after drought-induced mortality
events. In the following sections we are using terms high and low
nutrient availability, but we acknowledge that nutrient availability
occurs along a gradient from high to low.

IIl. Integrating nutrients into the hydraulic framework
predicting mechanisms of drought survival, mortality,
and recovery

The hydraulic framework for drought-induced mortality suggests
that the risks of hydraulic failure and C starvation result from whole
plant regulation of water use and C uptake and use during dry and
warm periods (McDowell ez al., 2008). Nutrients can have direct
impacts on both C and water uptake and use, but integration of

New Phytologist (2016)
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nutrients into this framework has not been attempted (Box 1).
Conditions of high (or low) nutrient availability can each have
positive and negative impacts on the likelihood of forest survival
during drought (e.g. Arquero eral., 2006; Coomes et al., 2007;
Dziedek ez al., 2016). The legacy of high vs low nutrient supply on
the long-term, that is, before the direct impact of a drought event,
will affect the predisposition of plants to drought. Large nutrient
reserves can promote a plant’s ability to recover from stresses
(Waring, 1987), whilst the increase in shoot-to-root ratios and
change of other plant traits under high nutrient supply could
increase susceptibility to drought (Ewers ez al., 2000). During a
drought event, the reduction of soil nutrient availability can
promote impairment of the plant’s nutritional status and thus of its
general functioning and resistance (Kreuzwieser & Gessler, 2010).
After drought, the ability of plants to restore nutrient uptake and
allocation influences re-establishment of physiological functions
and hence long-term resilience.

The role of nutrient availability before drought

Nutrient availability before drought has both positive and negative
impacts on survival (Fig. 1a). Elevated nutrient availability can
lower ratios of root area to leaf area (4, : A) (e.g. Kozlowski &
Pallardy, 2002), increase stomatal conductance (Fangmeier e al.,
1994), increase height growth (Wright ez al., 2011), widen vessel
diameters (Hacke etal, 2010), and reduce extramatricular
mycelium/rhizomorphs (Wallander & Nylund, 1992). These
shifts in plant hydraulic traits likely decrease the hydraulic safety
margin of trees and promote hydraulic failure under drought. For
example, Coomes et a/. (2007) showed that conduit diameter and
tree height were reduced at nutrient poor (and frost affected) sites
leading to reduced cavitation risks. In addition, higher biomass
accumulation under high nutrient supply increases the C costs
during periods of C starvation if not compensated by higher C
storage. Simultaneously, elevated nutrient availability causes lower
nitrogen (C:N) ratios, thus increasing palatability to
biotic agents (McDowell e¢zal., 2011). We emphasise that these
nutrient-dependent predisposing traits may only develop when

carbon :

water availability is not the main growth limiting factor over the
longer term. Under drought, different nutrient addition treatments
may not affect biomass production and allocation (Wu ezal,
2008). This suggests that relatively mesic sites are most affected by
nutrient interactions when they experience severe drought periods.

In contrast to the ways elevated nutrient availability before
drought could promote mortality, there are also mechanisms by
which it may promote survival, thus the balance of these processes
must be resolved to predict the role of nutrients in drought-induced
mortality and recovery. Elevated nutrient availability can also
reduce vulnerability to embolism by decreasing stomatal conduc-
tance (Goldstein et al., 2013) and increase production of N-based
defense compounds (Coviella ez al., 2002). Growth is frequently
correlated with survival (Bigler ez 4/, 2006) and nutrient availabil-
ity promotes growth. In fact, Demchik & Sharpe (2000) showed
that reduced growth as well as drought-induced mortality were
associated with nutrient deficiency in Quercus rubra. However,
negative correlations between growth and mortality have also been

© 2016 The Authors
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Fig. 1 Impact of long-term nutrient availability and uptake on predisposition attributes and drought survival probability. (a) High and low nutrient
availability affect different anatomical and physiological traits over the long-term with positive (+ blue) and negative (— red) effects on plant survival during a
drought event. (b) Relationships between nutrient availability and general plant growth and defense potential, formation of nutrient dependent traits with
positive or negative effects on drought survival and the resulting survival probability. The x-axis represents a gradient of long-term nutrient availability
across different sites. The top graph indicates that under low nutrient supply, an initial increase in nutrient availability may increase general tree growth and
defense potential until a particular threshold is reached where nutrient imbalances might occur (e.g. Schulze, 1989). It is also possible that trees are not
suffering from such imbalances and this alternative trajectory is given as dotted line. With increasing nutrient availability, the negative impact of nutrient
dependent traits (see a) on drought survival increases (middle graph). The combined effect of both, determine the drought survival probability as depending on
nutrient availability and predisposing traits (bottom graph). A : A, ratio of sapwood area to leaf area; A, : A}, ratio of root area to leaf area.

observed (Hentschel ez al., 2014), that is, individuals that grew best
under high water supply were subjected to dieback as a consequence
of drought. N-deposition within a particular range is known to
promote tree growth (Hogberg ez al., 2006) but conversely is also
argued to have negative effects on forest trees by increasing water
demand, reducing frost hardiness and increasing the risk to attract
pests and diseases (Fangmeier ez al., 1994). However, it is unclear if
atmospheric N-input promotes or mitigates drought-induced
mortality (Dietze & Moorcroft, 2011) and the threshold at which
excess nutrients could trigger mortality events (Magill ez a/., 2004).
There is experimental evidence that high N supply increases
drought sensitivity of European beech mainly due to reduced root
biomass (Dziedek ez /., 2016). Based on both theoretical consid-
erations on the effect of nutrients on tree traits and direct
observations, we conclude that an optimum balance of nutrient
supply can support defense, thus decreasing the plant’s mortality
risk during a drought event (Fig. 1b). Very low nutrient availability
and thus the lack of nutrient reserves impairs the plant’s ability to
sustain drought stress. Potassium deficiency for example is known
to have detrimental effects on growth and survival under drought
(Arquero et al., 2006; Sardans & Penuelas, 2015). However, when
a nutrient threshold is exceeded, higher nutrient availability
predisposes plants to drought-induced mortality due to morpho-
logical and physiological traits that are adaptive towards high
nutrient supply but maladaptive for drought survival. Future
research will need to define the optimal nutrient supply and
stoichiometry, which allows optimum growth under ‘normal’
nonwater limited conditions and survival during drought events.

© 2016 The Authors
New Phytologist © 2016 New Phytologist Trust

The role of nutrient availability and uptake on survival during
drought

Direct and indirect effects of nutrient availability during drought
have impacts on survival that are distinct from nutrient availability
before drought. Fig. 2 provides a conceptual model of the direct
(reduction of N availability and uptake) and indirect effects (effects
conveyed via a reduction of stomatal conductance and assimilation,
and various feedback loops) of drought on the balance of N —as the
most important limiting nutrient — in plants. In contrast to the
impact of the predrought long-term nutritional status on drought
survival, abundant evidence suggests that low nutrient availability
during drought should promote negative impacts on plant survival.
This is because most processes that are negatively impacted by low
nutrient uptake will also negatively impact plant survival (Fig. 2).
Actual tree N uptake during one growing season makes up ¢. 10% of
the total plant N stock in adult trees (Rennenberg & Dannenmann,
2015). Temperate trees use N storage reserves mainly for spring
growth, butrely on rootuptake during the rest of the growing season
(Millard & Proe, 1992). Thusany restriction of soil N uptake during
drought in summer, when drought periods most likely occur, is
critical. One exception is the rise in tissue C: N ratio (leading to
reduced palatability for biotic agents), which may reduce the risk of
biotic attack but that effect mightalso be counteracted by a decrease
in the content of N containing defense compounds.

The role of nutrient impacts during drought starts with the
limited availability of nutrients to plants and their crowns when
soils are dry due to the reduced ion mobility and limited microbial

New Phytologist (2016)
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Fig. 2 Impacts of drought on the nitrogen (N) balance of plants during a drought event. Drought has mainly a direct effect on the nutrient availability in
the soil by reducing the mobility of ions and the supply of inorganic N from microbial processes (grey panel on the left side, yellow arrows). The reduced
availability further affects the plant internal N relations (light brown middle panel: N-uptake, N-assimilation, N-transport). Drought also affects stomatal
conductance (g,) and assimilation (A) (grey panel on the right side, yellow arrows) leading to lower transpiration and xylem mass flow on the one hand and to a
reduced amount of new assimilates on the other hand with negative feedbacks on N-uptake, -transport and -availability. Reduced tissue N-contents also affect
stomatal conductance and assimilation and thus various feedbacks link water-, carbon- (C) and nutrient-balance with potentially self-enhancing interactions.

In addition, tissue N-availability affects resistance against pests and pathogens. Red minus signs indicate negative impacts and black plus signs indicate
positive impacts on pools, fluxes, processes, and finally survival. Yellow arrows with black boarders indicate direct drought effects on the N-, C- and

water-balance; orange, blue and green arrows indicate plant internal effects driven by N-, water- and C-relations, respectively.

activity (Fig. 2; Kreuzwieser & Gessler, 2010; but see Cregger ez al.,
2014). Impaired N uptake as well as decreases in tissue nutrients
have been observed in drought-susceptible plants during droughts
(Fotelli ez al., 2002).

Reduced transpiration (Gessler eral, 2002) and drought-
induced damage of membrane integrity reduce N-uptake rates,
N-assimilation and consequently N-transport to the canopy.
Reduced leaf N can intensify drought effects on photosynthesis and
thus have potential impacts on C starvation (and its interdepen-
dence with hydraulic failure, McDowell ez al., 2011). Reduced N-
supply increases stomatal sensitivity towards drought thus resulting
in earlier stomatal closure (Ghashghaie & Saugier, 1989), triggers

New Phytologist (2016)
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protein degradation in leaves (Fotelli ez al., 2002) thus increasing
repair costs and exacerbating C starvation (McDowell ez al., 2008)
and decreases the content of N-containing osmoprotectants such as
proline, which have positive effects on enzyme and membrane
integrity (Ashraf & Foolad, 2007). Thus drought-induced N
limitation can amplify C starvation, which can negatively feedback
on hydraulic repair (McDowell ezal., 2011) and on N balance
(Fig. 2a) due to the close integration between C and N metabolism.
By contrast, reduced stomatal conductance under N limitation
might reduce the risk of hydraulic failure. Reduced availability of
recent assimilates as energy sources and C skeletons further impairs
N-uptake and —assimilation under drought (Gessler ez al., 2005).

© 2016 The Authors
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There are more complex interactions between the nutrients, C and
the hydraulic system under drought (Fig. 2): drought is not only
known to reduce C uptake but also assimilate transport and the
remobilization of stored C (Sala eza/, 2010; Hartmann etal.,
2013). A shortage of C decreases N uptake and assimilation and
also reduces the availability of sugars for xylem embolism repair
(Zwieniecki & Holbrook, 2009). Drought induced embolisms
further aggravate the reduction of N flow to the canopy and reduce
the water circulation between xylem and phloem thus further
impairing phloem transport.

The importance of interactions between the nutrient- and
C-balance (and hydraulics) during drought depends on the
duration and intensity of water restriction. This is partially because
drought intensity modifies plant allocation to root growth and
exudation. While long and severe drought will strongly retard C-
allocation to roots and exudation, moderate drought can stimulate
assimilate transport to roots and the rhizosphere belowground (e.g.
Badri & Vivanco, 2009; Hommel ez al., 2016).

Owing to the fact that drought does not affect the uptake and
transportof all nutrients to the same extent (Kreuzwieser & Gessler,
2010) and due to drought-induced changes in metabolic pathways
and in growth rate capacities (Sardans & Penuelas, 2013), restricted
water supply also can cause changes in the element stoichiometry in
plants. Across Europe, an especially strong P-deficiency in trees was
observed (Jonard ez a/.,2014) and higher drought frequencies might
have driven the observed nutrient imbalances. Nutrient imbalances
lead to impairment of physiological functions and to a reduction of
growth (Schulze, 1989) and most likely add an important factor to
C- and hydraulic-related mechanisms of plant mortality.

We predict that the reduced nutrient availability during drought
negatively feeds back on the C balance (e.g. by reducing N supply
for the photosynthetic apparatus, Heckathorn ez /., 1997) and on
tree hydraulics (e.g. by impairing osmotic adjustment, Egilla ez 4/,
2005), intensifying hydraulic failure or C starvation.

The interaction of nutrient availability and drought on post-
drought recovery

The trajectory of postdrought ecosystem recovery is influenced not
only by the ability of plants to utilize resources during drought, but
also their ability to capitalize on soil rewetting. Nutrient uptake is
required for regrowth of tissues lost during drought (e.g. roots,
stems, foliage) and for rebalancing nutrient stoichiometry. The key
issue post-drought is then, can plants obtain available nutrients?
There are postdrought shifts in both soil release and immobiliza-
tion of nutrients as well as changes in plants’ ability to acquire those
nutrients after drought that interact to affect the nutrient uptake.

Soil rewetting after drought causes a burst of decomposition and
N- and C-mineralization (Birch, 1964), thus resulting in an
ephemeral increase in the nutrient availability for single trees and
the whole stand. The transient nature of this ‘Birch effect’ and
competition for nutrient acquisition with soil microbes as well
nutrient loss by leaching requires plant roots to rapidly exploit the
nutrient resources after the drought release.

With a focus on the individual tree, the competition between
roots and microorganisms for the nutrient pulse after rewetting is
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crucial and depends on the ability of both to recover after the
drought. For microorganisms, it is assumed that drying—rewetting
cycles destroy microbial cells and therefore rewetting events provide
plants a competitive opportunity as their roots, which are known to
reestablish their functioning within hours (Volkmann ez 4/, 2016),
compete with a decreased microbial population and additional
nutrients become available due to microbial cell lysis (Hodge ez al.,
2000). The reestablishment of root functions will, however,
depend on the intensity and duration of droughtand thus the extent
of root damage and mortality.

On the ecosystem level, drying—rewetting events decreased N-
losses from a Norway spruce forest (Muhr ez /., 2010); however,
more intensive rainfall events can also induce N loss by
denitrification (Dick ezal, 2001). The intensity of the N-
mineralization pulse depends on the general N-availability of the
ecosystems, that is, high N stocks in soil organic matter increase
the magnitude of N release after drought (Jarvis ezal, 2007).
The cumulative N-mineralization upon rewetting is small
compared with soil at optimum moisture, however, indicating
that wetting pulses cannot compensate for reduced mineraliza-
tion rates during drought periods (Borken & Matzner, 2009).

Partial mortality of a community of plants also alters nutrient
supply of the surviving plants. It is, however, not clear whether the
nutrients remain in the system and increase the supply for the
remaining plants or if intensive leaching occurs (Xiong ez a/., 2011)
thus reducing the total nutrient stock of the system. There are
indications that mortality in a stand may increase resource
availability for the remaining plants, thus promoting growth of
surviving plants after drought (Lloret ez /., 2012). To substantiate
this assumption, the whole N cycle including N stocks and fluxes
before and after dieback events needs to be quantified.

In summary, the mineralization pulse after drought release
might supply surviving plants with additional nutrient resources
and we postulate that sites with high nutrient stocks provide better
conditions for tree recovery (e.g. Sergent eral., 2014). We also
suspect that the reduced availability and uptake during drought
cannot be fully compensated afterwards and that nutrient losses
might occur; if nutrients are limiting at a given site, a long-term,
nutrient-driven growth reduction is thus to be expected. How such
long-term changes in nutrient supply will affect the susceptibility of
plants to pests and pathogens and needs also further attention.

Ill. Integration

High soil nutrient availability most likely pre-disposes plants
to be more vulnerable to hydraulic failure when subjected to
drought (Fig. 1) (and they would only become C-starved when
the drought is both intense and long) as the traits developed
in response to high nutrient availability implicate higher
embolism risk due to imbalance in hydraulic supply and
demand. Lower long-term nutrient availability restricts growth
in height and leaf area thus minimizing plants proximity to
the point of catastrophic hydraulic dysfunction, providing a
broader safety margin (Choat etal, 2012). Plants growing in
stands with low nutrient availability might, however, be
susceptible to long-lasting low intensity water stress even

New Phytologist (2016)
www.newphytologist.com



Short Duration of water stress Long
= >
S
-

]
e
1]
S
3
[
E . Carbon
° Trajectory starvation
2 high nutrients
)
=
3
£ l
Hydraulic and
symplastic
failure
<
2
: '

Fig. 3 Integration of nutrients into the carbon (C) starvation-hydraulic
failure concept. Theoretical relationships according to McDowell et al.
(2008) based on the hydraulic framework, between the temporal length of
drought (duration), the relative decrease in water availability (intensity),
and the hypothesized mechanisms (C starvation and hydraulic failure)
underlying mortality. The arrows indicate likely trajectories of plants growing
under high and low nutrient supply.

when the drought is not very intense if it is of sufficient
duration. This is because in contrast to plants growing under
high nutrient supply, they do not store considerable amounts
of nutrients and will be more strongly affected by decreased
nutrient availability during a drought event. We postulate that
the reduced nutrient availability under drought (at least for
lower intensity droughts) scales with the initial pre-drought
availability aggravating any existing nutrient limitation. The
close interrelation between N- and C-balance most likely
increases the risk of drought-induced mortality under low
nutrient supply (Fig.2). High availability of nutrients during
drought can have the opposite effect by increasing water use
efficiency, effectively lowering the risk of C starvation, if
nutrient uptake occurs during drought. When linking this
nutrient availability concept with the framework of hydraulic
failure and C starvation as developed by McDowell ezal.
(2008), high nutrient availability favors the trajectory to
hydraulic failure under intensive water stress (Fig.3) mainly
due to the predisposition of the plant (Fig. 1). Low nutrient
supply favors C starvation under long-term water stress
(Fig. 3), mainly due to the effects of low nutrient availability
and uptake on C metabolism during drought (Fig. 2). These
trajectories can be additionally modified by biotic agents, that
might be attracted by high nutrient concentrations in plant
tissues (high nutrient trajectory) but also by lower allocation of
N and C to defense compounds (low nutrient trajectory).
Depending on the interaction of all these different factors the
co-occurrence of C starvation and hydraulic failure (region of
overlap between the two mechanisms in Fig. 3) as observed in
previous studies (e.g. Sevanto eral., 2014) might also occur.
Plants are able to capture the nutrient pulses after the release
of drought but for plants growing at sites with generally low
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nutrient availability, this might not compensate the negative
effects of drought on mineral nutrition.
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