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“Now, here, you see, it takes all the running you can do, to keep in the same
place. If you want to get somewhere else, you must run at least twice as fast
as that!”

Lewis Carroll — Alice Through the Looking Glass
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Summary

Summary

Mistletoes are parasitic angiosperms that attach to the host branch by a modified root (the
haustorium) and acquire water and nutrients exclusively via the host xylem, at a very low
carbon unit-cost. The association between mistletoes and their hosts is a fascinating co-
evolutionary system and has long been used as a model to investigate plant resource use
strategies. In this thesis I tackled resource use questions using a many-species, ‘“‘comparative
ecology” approach, focusing on mistletoe-host species pairs from both Australia and Brazil,
with the overarching aim of identifying robust generalities among species. I investigated
several key aspects of their ecology and physiology, including photosynthetic trait adaptations
to aridity, nutrient resorption, leaf functional traits, investment in anti-herbivore defences, and
herbivory itself. I also took the opportunity to revisit old hypotheses in the literature, such as
the “N-parasitism hypothesis” and the “mimicry hypothesis”. My findings reveal that
mistletoes show strong responses to environmental conditions, exhibiting similar trait-shifts
as their hosts in relation to site aridity. Nevertheless, mistletoes are profligate water users
compared to their hosts and showed substantially less efficient use of water in photosynthesis,
both at wet and at dry sites. Mistletoes seemingly achieve reliably high rates of water flow
from the host xylem via maintaining higher osmolarity in their leaf tissues than in hosts; this
appears to have a substantial cost that is reflected in leaf respiration rates. Little support was
found for the N-parasitism hypothesis in a global context, and in three low-P sites, where the
lack of N resorption suggests that N is not a limiting nutrient for mistletoes. Moreover, natural
selection may have favoured P resorption processes in mistletoes occurring in P-impoverished
habitats, suggesting that an alternative ‘P-parasitism hypothesis’ could better explain these

results, at least for these systems. I provided evidence that the evolution of mimicry in

15



Summary

Australian mistletoes could be associated with higher N availability in the hosts and with
alkaloid-positive hosts, illustrating a case of Batesian mimicry. In a broader context, my
results deliver significant new insights into the evolution of resource use in mistletoes, and
address fundamental theories related to mistletoe ecology and physiology. They also provide
general insights into adaptations of plants along environmental gradients and into the

evolution of mimicry in Australian mistletoes.
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General Introduction

A central challenge in plant ecology is to understand the adaptive significance of particular
physiological traits or the combination of traits. As parasitic organisms, mistletoes have some
unusual resource use strategies compared to non-parasitic plants. They have a completely
different system to access nutrients and water (discussed below), and rely on the host capacity
of acquiring nutrient and water from the soil. These differences are intriguing, especially
because the evolutionary pressure to optimise the use of resources might not be the same for
mistletoes as for non-parasitic plants. The general aim of my thesis was to explore the
adaptive significance of so-called “functional” traits (Violle ef al. 2007) in hemiparasitic
plants. I looked at several aspects of mistletoe ecology and physiology — including
photosynthetic adaptations to aridity, investment in chemical defences, mimicry and
herbivory, and patterns of nutrient resorption — to answer how the parasitic lifestyle
adaptation affects resource use strategies. By adopting a “comparative ecology approach”
(i.e., comparison across many species), I was able to expand on previous studies, and test old
and newly-generated hypotheses concerning mistletoe ecology and evolution, at an

unprecedented scale across different environments in Australia and Brazil.

Background

The parasitic lifestyle evolved at least 11 times among angiosperms (Barkman et al. 2007).
Parasites are defined as organisms that live in or on another organism taking resources partly
or completely from their hosts and causing some negative effect to them (Anderson & May
1982; Vrijenhoek 1986). From an ecological perspective, a parasite does not only cause
damage to the individual host by decreasing its fitness, but also have some impact on the
entire host population (Anderson & May 1982). Indeed, parasitic angiosperms are known to

have a major impact on growth, allometry and reproduction of hosts (Press 1998), which may
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affect the balance between host and non-host species, leading to structural and compositional
changes in the whole plant community and in the population dynamics of hosts (Smith &
Reid 2000; Noetzli, Miiller & Sieber 2003). Nonetheless, parasitic plants have also been
associated with an increase in species diversity (Pennings & Callaway 1996; Press & Phoenix
2005), by suppressing dominance and helping to maintain subordinate species in some
communities. These plants may be considered “keystone” species in some communities, since
they mediate community interactions by host selection (Press & Phoenix 2005; Watson 2009),
and alter the physical environment by potentially increasing nutrient cycling (Quested et al.
2003).

There are more than 4500 species of parasitic plants occurring worldwide (on every
continent except Antarctica), and they occupy all distinct biomes on earth (Der & Nickrent
2008). Parasitic plants can be classified as either holoparasites (approximately 10% of the
species), which are plants that lack chlorophyll and are exclusively dependant on both the
xylem and the phloem of their hosts (e.g. Cuscuta species); or hemiparasites, which are
plants that have functional photosynthetic leaves containing chlorophyll, and rely only on the
xylem sap of their hosts (with intermediate cases also connecting to host’s phloem) (Stewart
& Press 1990). Hemiparasites can be further divided into “root parasites”’, when they are
found attached to the roots of the hosts (e.g. Santalum species); or “mistletoes”, when they
parasitise the branches or trunks of the hosts (e.g. Amyema species).

In this thesis, I focused on mistletoes, using their hosts to compare different sets of
ecological and evolutionary strategies between the parasitic and non-parasitic lifestyles.
Mistletoes are a polyphyletic group of aerial shoot hemiparasites from five clades in
Santalales (Nickrent 2002), that together form the largest and most diverse functional group

of parasitic plants (~50% of all parasitic plant species).
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The haustorium

Mistletoes penetrate the bark of the hosts’ branches connecting to their host xylem from
which they access all the water and nutrients that they need to survive (Calder & Bernhardt
1983). The organ involved in the mistletoe-host connection is the ‘haustorium’, a modified
root exclusive from parasitic angiosperms, which has functions of attaching to the host branch
surface, invading the host vascular tissue, and establishing the continuum of mistletoe and
host vascular system (Press & Graves 1995). Different connection types vary according to the
species of the parasitic plant (Cameron & Seel 2007). For mistletoes specifically, direct
transfer of host-derived solutes is very unlikely, since anatomical studies show there is not a
direct connection between xylem cells of parasites and hosts (Calvin 1967; Dobbin & Kuijt
1974; Tennakoon, Pate & Arthur 1997). Moreover, there is strong evidence that the
haustorium selectively absorb a range of host-derived solutes (Lamont 1983), such as various
nitrogenous compounds (Pate, True & Rasins 1991; Pate 2001), organic acids, ions (Hibberd

& Jeschke 2001) and carbohydrates (Richter & Popp 1987).

Differences between parasitic and non-parasitic angiosperms

Even though all plants need similar abiotic resources to grow, reproduce and survive —i.e.,
carbon, nutrients, water, and light — the functional traits of mistletoes are usually quite
distinguishable from their hosts. The first remarkable difference can be found in the carbon
economy. By having a modified root that taps into host tissues, mistletoes rely on the host’s
ability to acquire resources from the soil (i.e., water and nutrients) and thereby save on the
carbon that would otherwise be allocated to build roots and trunks. However, this strategy has
the intrinsic trade-off of lacking the control on root carbon allocation and storage (and
possibility of symbiotic relationships with mycorrhizas, etc.), which can be particularly

important in situations of water and nutrient limitations. Moreover, even though mistletoes
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have functional leaves, they often show some level of heterotrophy, meaning that they obtain
carbon directly from their hosts’ xylem in the form of amino acids. In some cases more than
50%, but more commonly, around 20% of the carbon is known to be obtained
heterotrophically, which also has consequences for their carbon balance (Marshall &
Ehleringer 1990; Schulze et al. 1991; Marshall et al. 1994). The assimilation of amino acids
would result in more enriched &'3C signal in the mistletoe leaf because the carbon in the host
xylem should be less negative than the §'>C measured in the host leaves (Cernusak, Pate &
Farquhar 2004).

The second remarkable difference between mistletoes and hosts relates to water use. In
order to maintain the xylem flux gradient, mistletoes need to generate a more negative water
potential in their shoots than their hosts. Indeed, mistletoes are known to exhibit faster
transpiration and lower photosynthetic rates than hosts, leading to very low values of water
use efficiency (WUE; the ratio of photosynthesis to transpiration) (Ehleringer, Cook &
Tieszen 1986; Goldstein et al. 1989; Davidson & Pate 1992).

Finally, mistletoes also differ from hosts in terms of nutrient use. Because nutrients
are transported in solution through the xylem, there is generally a close link between water
and nutrient relations. Therefore, by achieving higher rates of transpiration, mistletoes also
have a higher nutrient uptake via the haustorium and tend to show higher concentrations of
macronutrients in their leaves, especially K, but also N, P, Ca and Mg (Lamont & Southall
1982; Glatzel 1983; Kiippers 1992; Panvini & Eickmeier 1993). Furthermore, because
mistletoes have limited physiological sinks, they can accumulate disproportional amounts of
some nutrients in their leaves (Glatzel 1983; Glatzel & Geils 2009). In some situations, they
might have to deal with unnecessary and undesirable nutrients, noticeably when growing on
Al-accumulator hosts in tropical environments (Scalon, Haridasan & Franco 2013) or on

halophytic species in mangroves (Goldstein et al. 1989; Orozco et al. 1990).
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Most of these differences between parasitic and non-parasitic plants can be related to
differences in the ecological strategies of use and acquisition of resources. The concept of
‘ecological strategy’ adopted here, as defined by Westoby (1998), expresses the opportunities
and selective forces shaping the ecology of a plant species to sustain a population. Economic
analogies are often used in plant ecology in order to help understanding the trade-offs that
shape ecological strategies, and especially to describe the trade-offs inherent to physiological
processes; i.e., to identify the costs, benefits and evolutionary constraints that underpin
functional traits and traits relationships (Mooney & Gulmon 1982; Bloom, Chapin III &
Mooney 1985; Wright et al. 2004; Prentice et al. 2014).

In this perspective, the costs to acquire a resource should be proportional to its
availability at a given habitat. If the resource is limiting (i.e., the resource is expensive to
acquire), the evolutionary pressure on autotrophic plants should cause a shift to use resources
more efficiently. Water and nutrient limitations are common in most natural environments
(Vitousek & Howarth 1991; Elser et al. 2007; LeBauer & Treseder 2008), so that the costs to
obtain and maintain these resources in the plant can be considered high (Gutschick 1981).
Strategies such as differential accumulation of nitrogen through the canopy (in parallel to
vertical light gradients), nutrient resorption (control of leaf death time), longer leaf longevity,
and investment in defence against herbivory are commonly found in nutrient limited
environments (Aerts 1996; Eckstein, Karlsson & Weih 1999; Wright, Reich & Westoby 2001;
Reich et al. 2003; Hikosaka 2004). Similarly, to optimize the water use in water limiting
habitats, plants usually adopt some strategies such as strong stomatal control, leaf senescence
during the dry season, higher investment in root structure, and leaf functional traits that permit
more control over water lost.

For parasitic angiosperms, differences in resource acquisition are evident in relation to

the hosts, and the unit-costs for water and nutrients are presumably very low compared to that
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experienced by non-parasitic plants. However, little is known about trait adaptations of
mistletoes facing shortage of different resources (e.g. in P-limited rather than N-limited
environments). Moreover, it remains unexplored how the influence of lower resource costs
affects the selective forces shaping the ecological strategies of mistletoes. Therefore, my
research is aimed to fill knowledge gaps about the use and economy of water and nutrients in

mistletoes.

Thesis outline

This thesis is presented as four different data chapters, each following the format of stand-
alone manuscripts, book-ended with a relatively short general Introduction and general
Discussion. Each chapter contains the relevant background and discussion, and they are
described below in more detail, with major findings highlighted. It is important to emphasise
that, for brevity, some chapters may refer to others throughout the text, especially in the

Material and Methods section.

Chapter 2. A global analysis of water and nitrogen relationships between mistletoes and

their hosts: broad-scale tests of old and enduring hypotheses

In this chapter, I had two primary goals. Firstly, I aimed to test the generalities of the
“mimicry hypothesis” and the “N-parasitism hypothesis”, which have both been proposed in
published literature to explain mistletoe-host water and nutrient relations. Secondly, I
investigated the influence of environmental conditions on leaf nitrogen concentration and leaf
carbon isotopic signature in mistletoes and hosts. Understanding what drives mistletoe-host
relations is fundamental to improving our knowledge of water and nitrogen use and economy

in plants (mistletoes being an intriguing test-case). For this enterprise, I combined my own
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field data with data from published literature on mistletoe leaf nitrogen concentration and leaf
carbon isotopic signature. From my analysis across 168 mistletoes-host pairs distributed
globally, we found no broad support for the N-parasitism hypothesis, but partial support for
mimicry, with mimicry being associated with N-fixing hosts. Contrary to current belief, our
findings suggest that nitrogen is not the limiting nutrient for mistletoes, at least not the main
component driving the faster transpiration rates. Our results also give insight into the
evolution of mimicry in mistletoes and show, for the first time, that mistletoes are also
constrained by local water availability, exhibiting clear trait adaptations to environmental

gradients.

Chapter 3. Photosynthetic trait adaptations of parasitic mistletoes and their hosts in

sites of contrasting aridity

I sampled 42 mistletoe-host species pairs from five different sites with contrasting aridity
located Brazil and Australia to investigate mistletoe and host photosynthetic trait responses to
lower water availability. Based on previous work showing that mistletoes are profligate users
of water (Ehleringer, Cook & Tieszen 1986; Marshall & Ehleringer 1990; Marshall, Dawson
& Ehleringer 1994), but also could show close coordination with the stomatal behaviour of
their hosts (Ullmann et al. 1985, Davidson & Pate 1992; Whittington & Sinclair 1988;
Davidson, True & Pate 1989; Goldstein ef al. 1989; Bowie & Ward 2004), we expected that
mistletoes would exhibit some degree of adaptation to aridity, but noticeably dampened
responses compared to that seen in hosts. Surprisingly, mistletoes showed tightly coupled
responses with their hosts to environmental conditions, exhibiting trait response in parallel
and to the same extent as host species to increasing aridity. Nevertheless, mistletoes were

indeed profligate water users compared to their hosts as well as exhibited very high
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respiration rates for a given photosynthetic capacity. In this chapter, I argue that P
requirement, together with carbon, should be considered an alternative for the N-parasitism
hypothesis, and I suggest that the low gross carbon gain could be the consequence of
considerable costs associated with trade-off between mistletoes maintaining higher osmolarity

to guarantee the continuous flow of the host xylem.

Chapter 4. Nutrient resorption in mistletoes from three low-P sites in Australia and

Brazil

In this chapter, I investigated nutrient resorption patterns of macronutrients in parasitic
mistletoes, across three different sites comprising 18 mistletoe-host species-pairs. I also
looked at the relationship of resorption to leaf lifespan and herbivory rates. Previously it was
reported (and become widely accepted) that mistletoes do not resorb nutrients from leaves
before they are shed (Pate, True & Kuo 1991; Watson 2001; March & Watson 2010). Here,
that was true for leaf N (averaging zero resorption), and also for Ca and Mg. However,
mistletoes did generally resorb P and K, on average withdrawing ~30% and ~20% of nutrient
while senescing, respectively. That said, mistletoes were still relatively inefficient in terms of
nutrient resorption compared to non-mistletoes species, here and globally (which, on average,
resorb 50% of N and 60% of P; Aerts 1996; Vergutz et al. 2012). Resorption efficiency was
not strongly correlated with specific leaf area, but lower N and P concentration and lower Nest
and Ngen were related to longer leaf lifespan. Overall, the results suggest that P and K, rather
than N, are the most notably limiting nutrients for mistletoes in these systems. Indeed, I
suggest that the need to acquire sufficient P from host xylem may be a key driver of high
transpiration rates in mistletoes in these systems (together with the need to acquire

heterotrophic carbon), and that leaf K is used as an osmolyte to drive this process.
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Chapter 5. Leaf lifespan, herbivory and leaf defence investment in mistletoes and their

hosts

My first aim in Chapter 5 was to compare mistletoe and host investments in anti-herbivore
defences and investigate chemical and physical defence trade-offs and syndromes. I used 35
mistletoes-host pairs across four different sites in Australia and Brazil and predicted that
mistletoes would show lower investment in defence, by considering that general resources to
construct a leaf would be less expensive for parasites compared to hosts. My second aim was
to investigate the relationship between defence investment, leaf lifespan and their influence on
herbivory rates, using 14 out of the initial 35 mistletoes-pairs. In this chapter, few of our
initial expectations were supported and we found that mistletoes had generally higher carbon-
based defence investment, and similar defence per unit of nitrogen. I also found evidence of
tannins being transferred from hosts, while other classes of phenols and alkaloids were
seemingly being excluded. There were differences in defence syndromes and trade-offs
between mistletoes and hosts but, similarly, herbivory rates showed a negative relationship
with leaf lifespan, in agreement with the hypothesis that long-lived leaves must be well
defended. I also took the opportunity to investigate the evolutionary processes involved in the
leaf morphological resemblance of Australian mistletoes and their hosts, with regards to anti-
herbivory defence. Within Australian mistletoe-host pairs, I found a clear pattern of highly-
mimic mistletoe species testing negative for alkaloids, while all associated hosts tested
positive, which I interpreted as evidence of Batesian mimicry (i.e., the palatable mimic

modelled the unpalatable host).
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Chapter 6. General Discussion

Finally, in the last chapter I integrate the main findings of all data chapters and provide a
general discussion of how my results relate to three key hypotheses in the literature: (1) the
“leaf economics spectrum” (Wright e al. 2004); (2) the N-parasitism hypothesis (Schulze,
Turner & Glatzel 1984); and (3) the mimicry hypothesis (Ehleringer et al. 1986). In addition,
I identify a number of areas where mistletoe research still has the potential to generate key

knowledge for functional ecology research.
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Chapter 2

A global analysis of water and nitrogen relationship between
mistletoes and their hosts: broad-scale tests of old and enduring

hypotheses*
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Abstract

Mistletoes are known to use far more water per unit carbon fixed during photosynthesis than
their hosts do (i.e., they have lower ‘water use efficiency’, WUE). The “nitrogen-parasitism
hypothesis” posits that N is the most limiting resource for mistletoes, and that they use their
faster transpiration rates to acquire sufficient N from the host xylem. In a rather different
context, the "mimicry hypothesis" arose in the literature suggesting that some mistletoes mimic
the morphology of host leaves in order to deploy higher-N leaves without suffering higher levels
of herbivory, which would otherwise be expected. These two non-exclusive hypotheses share
the common goal of trying to explain patterns of mistletoe leaf N concentration. We set out to
test the generality of both hypotheses at broad geographic scale using data for 168 mistletoes-
host pairs, from 39 sites, encompassing all continents except Antarctica. We drew together data
from published literature and our own field data on two key plant functional traits that represent
N content (leaf N concentration), and long-term WUE and degree of stomatal control (leaf
carbon isotopic composition, §'°C). Key findings included (1) little support for the N-parasitism
hypothesis: higher nitrogen was only marginally related to more similar §'>C between hosts and
mistletoes, and N-fixing hosts did not influence the difference in WUE; (2) partial support for
the mimicry hypothesis: mimic mistletoes generally have greater N concentration when
associated with N-fixing hosts. More broadly, our results suggest that mistletoes tend to show
similar traits responses as their hosts to environmental drivers, such as water availability: they
showed the same shifts in Nmass and 8'°C in relation to site precipitation as did their hosts,
showing higher Nmass and WUE at drier sites. Contrary to current belief, our findings suggest
that nitrogen is not the limiting nutrient for mistletoes, at least not the main component driving
the faster transpiration rates. Our results also give insight into the evolution of mimicry in
mistletoes and show, for the first time, that mistletoes are also constrained by local water

availability, exhibiting clear trait adaptations to environmental gradients. By reconsidering
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these issues at broad geographic scale and across a large number of species, our findings
substantially modify current knowledge on the ecology and physiology of mistletoes and their

hosts.

Key-words: carbon isotope, Loranthaceae, mimicry, N-parasitism, Santalaceae, Viscaceae,

water use efficiency.

46



Chapter 2 — Global analysis of N and water in mistletoe-host pairs

Introduction

Mistletoes are parasitic angiosperms that connect to the xylem of their host through a
modified root system called a haustorium (Lamont & Southall 1982). Once this connection is
established, the xylem solution flows from the host to the mistletoe, becoming its only source
of water and nutrients (Calder & Bernhardt 1983; Press & Graves 1995). Being hemiparasites,
mistletoes produce their own photosynthetically active leaves but, because there is no
connection between the phloem of the two organisms, no photoassimilates are contributed
back to the host (Glatzel & Geils 2009). Mistletoes are a widespread group, occurring on
every continent in the world except Antarctica (Calder & Bernhardt 1983), and highest
species diversity is found in the families Loranthaceae, with 73 genera and over 1500 species,
and Santalaceae (formerly treated as the separate family Viscaceae), with 7 genera and over
450 species (Nickrent ef al. 2010; Nickrent 2011).

Because mistletoes do not invest in a complex root system, the acquisition costs for
water and nutrients are presumably far lower than those experienced by their hosts. Therefore,
mistletoe-host interactions present a unique and intriguing study system to ecophysiologists
interested in the water and nitrogen costs of photosynthesis (Schulze, Turner & Glatzel 1984;
Ehleringer, Cook & Tieszen 1986; Orozco et al. 1990; Kiippers 1992; Panvini & Eickmeier
1993; Marshall, Dawson & Ehleringer 1994; Bowie & Ward 2004). These costs are
sometimes expressed as the ratios “water use efficiency” (WUE; ratio of photosynthetic rate
to that of transpirational water loss) and “photosynthetic nitrogen use efficiency” (PNUE;
ratio of ratio of photosynthesis to leaf N concentration) (Chapin et al. 1987; Evans 1989;
Farquhar et al. 1989; Lambers, Chapin & Pons 1998).

Carbon isotope discrimination (§'3C) in leaf dry matter, reflecting discrimination
against '3C by Rubisco and PEP-carboxylase during photosynthesis, is used as a long-term

estimator of cj:c, ratio (ratio of leaf-internal to ambient CO2; (Farquhar et al. 1989). Under a
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given atmospheric humidity, lower ci:ca (higher §!°C), equates to higher WUE. Even under
extreme drought condition, mistletoes generally show faster transpiration rates and far lower
813C than their hosts, and thus far lower WUE (Schulze, Turner & Glatzel 1984; Ullmann et
al. 1985; Marshall et al. 1994; Escher et al. 2004; Escher et al. 2008; Glatzel & Geils 2009).
Noting this profligate water use, teamed with lower leaf N concentrations than their hosts but
very high accumulations of mobile cations such as K™ and Ca®* (Glatzel 1983; Schulze &
Ehleringer 1984), Schulze et al. (1984) proposed the “nitrogen-parasitism hypothesis”,
positing that nitrogen limitation is the key driver for rapid transpiration in mistletoes.
Evidence in favour of this hypothesis includes enhanced mistletoe performance when growing
on hosts with higher N concentration in the xylem, whether due to fertilizer application or to
having N-fixing root symbionts; e.g. there have been reports of mistletoes showing less
negative 8'°C signatures (Ehleringer, Cook & Tieszen 1986; Bannister & Strong 2001a),
higher biomass, higher flower production (Schulze & Ehleringer 1984; Gibson & Watkinson
1989; Seel, Cooper & Press 1993) and lower herbivory rates (Adler 2002).

A contrasting — but not mutually-exclusive — hypothesis suggests that higher
transpiration rates in mistletoes may be driven not only by the need of N, but also by the
ability to acquire large amounts of carbon via the host xylem (“heterotrophic” carbon), in the
form of amino acids (Marshall & Ehleringer 1990; Stewart & Press 1990; Schulze et al. 1991;
Marshall et al. 1994). Estimates of how important this external source of carbon is to
mistletoes vary widely. Early reports suggested that up to 60 % of C in the mistletoe
Phoradendron juniper came via this pathway (Marshall & Ehleringer 1990), and around 50-
70 % of C in five mistletoe species from Namib desert (Schulze et al. 1991). Subsequent
reports — based on more and different species — suggested that heterotrophic carbon gain
might be highly variable, ranging from 5-21 % (Marshall et al. 1994) in 11 mistletoes-host

pairs from eastern Australia; 50-80 % (Richter et al. 1995) in 10 pairs from Namibia; and
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from 35-78 % (Wang et al. 2008) in 3 pairs along the Kalahari Transect. In any case these
estimates should be considered somewhat tentative, since they are based on differences in
8'3C between mistletoes and hosts, which presupposes that they are operating at a very
different ci:ca. Certainly, this secondary source of carbon potentially has an impact on the
mistletoe carbon isotope signature (Schulze et al. 1991).

A rather separate literature has focused on how similar or different mistletoes are from
their hosts in terms of their leaf N concentration (Nmass hereafter). On the one hand, higher
Nmass 1s generally associated with greater photosynthetic capacity; on the other, higher Nmass
should, all else equal, make leaf tissue more attractive to herbivores (Mattson 1980; Mooney
& Gulmon 1982; Marvier 1996). Considering these issues, and the remarkable resemblance
between the leaves of many Australian mistletoes and their hosts (especially Eucalytpus,
Acacia and Casuarina hosts), Barlow and Wiens (1977) described the “mimicry hypothesis™.
Barlow & Wiens argued that mistletoes that mimic their hosts (“mimics”) can get away with
having higher Nmass than their hosts without suffering serious herbivory, since — for larger
herbivores, at least — they will not stand out as being different. By contrast, “non-mimic”
species by definition do stand out visually; therefore the best strategy to avoid serious
herbivory in that case would be to have similar or lower Nmass than their hosts. This
hypothesis has broad-scale empirical support from mistletoe-hosts pairs measured in both
Australia (Ehleringer et al. 1986b) and New Zealand (Bannister 1989). One concern with this
hypothesis is what type of herbivores could be responsible. For example, in Australia various
species of possums are known to eat leaves of both mistletoes and hosts; whereas in New
Zealand there are no large vertebrate herbivores to explain this pattern (Bannister et al 1989).
Other concerns include whether mimicry really has any fitness benefit for the mistletoe
(Canyon & Hill 1997; Schaefer & Ruxton 2009), or even whether mimicry truly exists (Blick,

Burns & Moles 2012).
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In this study, we revisited the nitrogen-parasitism and the mimicry hypotheses using a

global dataset of leaf N and §'°C discrimination data compiled from the literature and

supplemented with new data from several sites in Australia. We investigated a range of issues

related to N and water deployment/use, along the way testing several specific hypotheses (see

below). We tested for generality (or otherwise) of trait relationships reported previously in

regional analyses, considering the influence of site climate, and the extent to which observed

trends (in Nmass and 8'°C) were related to mistletoe taxonomy (family). Specific hypotheses

and questions were as follows:

1.

50

In relation to the N-parasitism hypothesis (Shulze et al 1984; Ehleringer et al 1986):

I Is it globally true that mistletoes have more negative §'°C than their hosts, implying that
they operate at higher ci:c. and have lower WUE?

II. Are host and mistletoe §'°C positively correlated? This was previously reported by
Bannister and Strong (2001a), presumably because heterotrophic carbon gain from the
host influences §'*C signature in the mistletoe (Ziegler 1995), but also because mistletoes
and hosts might respond similarly to climatic variations (see also question 3).

I11. Are host and mistletoe Nmass positively correlated? e.g., because the N concentration in
the xylem sap is higher on hosts with higher Nmass (Schulze et al. 1991; Bannister &
Strong 2001b; Wang et al. 2008).

IV. Is it generally the case that differences between mistletoes and their hosts in §!C are
smaller on N-fixing hosts, or on hosts with higher Nmass (Ehleringer et al. 1985; Schulze et
al. 1991; Marshall et al. 1994; Richter et al. 1995; Bannister & Strong 2001b)? These are
situations where N concentration in the xylem sap of the host is presumed to be higher,
with direct evidence that interspecific variation in leaf N is tightly correlated with

variation in xylem sap N concentration (Stewart et al. 1992; Schmidt et al. 1998).
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2. In relation to the mimicry hypothesis (Barlow & Wiens 1977; Ehleringer et al. 1986b;
Bannister 1989):
I. Do host-mimic mistletoes have higher Nmass than their hosts, while non-mimic
mistletoes show similar or lower (i.e. not higher) Nmass than their hosts?

3. Broader questions in relation to phylogeny and environmental influences:
1. Ts there patterning in Nmass and 8'°C relationships of mistletoes and hosts in relation to
mistletoe family (Loranthaceae vs Viscaceae)? Differences between families have been
suggested by different authors, such as Shaw et al. (2004) and Aukema (2003), where
Viscaceae mistletoes were suggested to have larger impacts on hosts compared to
Loranthaceae mistletoes.
II. Does the difference in §'°C between mistletoes and hosts vary according to site
climate? In particular, is the difference greater at more arid sites? As suggested by
Bannister & Strong (2001), in arid sites there should be stronger pressure on hosts to use
water efficiently, but somewhat less pressure on mistletoes.
I11. Do mistletoes show the same trend in leaf §'°C and Nmass in relation to site aridity as
do their hosts (and other species)? Or, do mistletoes show a dampened trend? e.g. because

of weaker selective pressure to be efficient in their photosynthetic water use.

Material and Methods

Leaf N concentration and carbon isotope signature data from mistletoes and their hosts (“M-H
pairs” hereafter) were compiled from the literature (135 different M-H pairs from 23
published papers), to which we added data from our own sites in Australia (33 M-H pairs),
yielding a dataset comprising 168 M-H pairs from 39 sites (Table S1). When a given
mistletoe species was reported growing on several different host species, each instance was

considered a different M-H pair. The majority of the pairs were sampled in Australia (43.5
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%), New Zealand (17.8 %) and United States (8.9 %). Eleven countries contributed the
remaining 30 % of data (Fig. 1). Loranthaceae was the best represented mistletoe family (141
pairs), Viscaceae contributing the other 27. The best represented host family was Fabaceae,
accounting for 45 pairs. We only had C isotope data for 93 of the 168 M-H pairs, of which 84
% included a Loranthaceous mistletoe and 16 % a Viscaceous mistletoe.

We also recorded site latitude and longitude, biome type, whether the host was a N-
fixing species, and whether mistletoes were considered host-mimics by the authors or by
Barlow and Wines (1977). An approximate latitude and longitude were derived from the
written description of site location in cases when precise information on the geographical
coordinates was not available in the original paper. Geographical coordinates were used to
retrieve the mean annual temperature (MAT) and mean annual precipitation (MAP) from the
CRU CL2.0 global climate dataset (New et al. 2002). Potential evapotranspiration (PET) was
estimated following Wang, Prentice and Ni (2012) and moisture index was calculated as the
ratio between MAP and PET (Table S2).

To the literature data we added information on M-H pairs that were sampled at four
Australia locations between 2011-2013 (Table S1). Three fully-expanded sun leaves were
collected from at least three different individuals per species, oven-dried at 60 °C for 72
hours, and finely ground in preparation for chemical analyses. For the §'>C determination,
leaves from the same species were bulked and analysed at the Mass Spectrometry Facility at
the Australian National University, Canberra. For nitrogen analysis, individual samples
analysed by LECO TruSpec CHN combustion technique at the Analytical Service Unit from

the School of Agriculture and Food Science at The University of Queensland.
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Data Analyses

Data for leaf N concentration (Nmass; mg of N per g dry leaf mass) and climate variables were
log-transformed to meet assumptions of normality (Shapiro-Wilk test of normality, P > 0.1).
While paired t-tests are an appropriate statistic for quantifying mean differences between
mistletoes and their hosts (which are intrinsically paired), this approach is limited to testing
for differences in just one factor at a time. Therefore, we also used linear mixed effect
analysis to compare the different aspects of our dataset simultaneously and to assess the
relative importance of potential predictors of the difference in N concentration between
mistletoes and hosts, and the difference in §'*C isotope composition between mistletoes and
hosts. Arithmetic differences in these properties were calculated in all cases as trait
(mistletoe) — trait (host). As fixed-effects we considered the environmental factors (mean
annual precipitation and temperature), the family of the mistletoe (Viscaceae or
Loranthaceae), mimicry (yes or no), and nitrogen-fixing host (yes or no). Study location and
the family of the host were treated as random effects.

Standardized major axis (SMA) slopes (Warton et al. 2006) were used to compare the
best-fit proportional relationship of traits between mistletoes and hosts. Pearson correlation
and ordinary least square (OLS) regression were used for quantifying relationships between N
and 8'3C with climate (climate being the independent variables). All statistical analyses were
performed using R software v. 2.13 (R Core Team). The package Ime4 (Bates, Maechler &
Bolker, 2012) was used for the linear mixed model analyses and SMATR v. 3 package

(Warton et al. 2012) was used to test for differences between SMA slopes.

Results

Mistletoes typically showed lower §'°C than their hosts (host mean * sd: -27.5 + 2.7 %o,

mistletoe mean + sd: -29.5 + 2.2 %o; paired t-test: P < 0.001, n = 93), implying that mistletoes
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typically operate at higher c; : c, ratios (i.e., they are less water use efficient). Mistletoe and
host carbon isotope signatures were positively correlated (12 = 0.39, P < 0.001), with a fitted
slope not significantly different from 1 (SMA slope = 1.01, 95 % CIs = 0.86-1.19; Fig. 2a).

Overall there was no difference between mistletoe and host Nmass (host mean + sd:
16.1 + 6.6 mg.g"!, mistletoe mean # sd: 16.3 + 8.8 mg.g’!; paired t-test: P = 0.298, n = 168);
and leaf N concentration of mistletoes strongly reflected that of their hosts (12 = 0.35, P <
0.001; Figure 2b). This relationship had a slope slightly steeper than 1 (SMA slope = 1.25, 95
% ClIs = 1.10-1.41; P < 0.001, Fig. 2b).

According to the N-parasitism hypothesis, the lower the N concentration in the host
xylem the more water mistletoes will need to transpire in order to fulfil their nitrogen
requirements. By extension, a higher Nmass in the host leaves is expected to reflect smaller
difference between mistletoe and host §'>C. We found only a marginally significant positive
relationship between M-H differences in §'°C and M-H differences in Nimass (12 = 0.03, P =
0.08, Fig. 3a). In addition, there was no patterning in M-H differences in carbon isotope
signature in relation to whether the hosts were nitrogen fixers or not (Fig. 3b; P = 0.49).

There was a positive relationship between §'C and Nimass both in mistletoes (12 = 0.24,
P < 0.001) and in hosts (12=0.08, P < 0.01; Fig. 4), meaning the lower the Nmass the lower the
water use efficiency (more negative §'C). The mistletoe-specific and host-specific
relationships did not differ in slope (P = 0.256) but they were significantly offset (P < 0.001)
such that, at a given Nmass, mistletoes had ca. 1.5 %o more negative 813C than their hosts.

Next, we tested predictions from the mimicry hypothesis. Overall there was no
difference in Nmass between mimic and non-mimic mistletoes (mimics, mean = sd = 15.47 +
8.35 mg.g’!, n = 50; non-mimics, mean + sd= 16.68 + 8.98 mg.g’!, n = 118; P = 0.40).
However, the family of the mistletoe together with the interaction between mimicry and N-

fixing status of the host accounted for 28% of the variance found in M-H differences in leaf N
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concentration (12 = 0.28, all P < 0.001, Table 1). The positive interaction between mimicry
and N-fixing host showed that mistletoes considered mimics and parasitizing N-fixing hosts
did indeed have higher Nmass than their hosts (ANOVA, Fi.163 = 7.86, P = 0.005; in support of
the mimicry hypothesis), whereas this was not the case for mimics growing on non-fixing
hosts (Fig. 5). Consequently, neither mimicry (yes/no) nor host N-fixing status (yes/no) alone
explained significant variation in M-H differences in Nmass. By contrast, mistletoe family did
explain significant variation in M-H differences in Nmass: On average Viscaceae mistletoes had
higher Nmass than their hosts (paired t-test, P < 0.01), while Loranthaceae mistletoes showed

similar Nmass than their hosts (paired t-test, P = 0.061).
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Table 1. Results of linear mixed effects models estimating effects of mimicry, nitrogen-fixing
host, environmental aspects and family between mistletoe and host on (a) nitrogen leaf
concentration difference; and (b) carbon isotopic composition difference. For each model, the

sum of squares and F-values are shown. Significant non-zero slope estimates are highlighted

(P <0.001).
Variable Predictor Coefficient P F d.f. r?
Nmass General model <0.001 8.72 6,134 0.28
Intercept -3.92 0.03
difference ) fimicry 1.35 0.34
N-fixing host 1.77 0.24
Mimicry* N-fixing host 6.58 <0.001
MAT 0.05 0.61
Precipitation 0.00 0.62
Family 10.10 <0.001
s13C General model <0.001 593 7,84 0.33
. Intercept 0.20 0.73
difference . difference 0.01 0.81
Mimicry 0.43 0.32
N-fixing host 0.64 0.22
Mimicry* N-fixing host  0.38 0.68
MAT -0.18 <0.001
Precipitation 0.00 0.15
Family 0.59 0.28

MAT: Mean annual temperature.
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Environmental effects

As expected, host plants showed less negative §'3C (higher WUE) at drier sites but,
interestingly, the same was clearly true of mistletoes (trends in relation to precipitation shown
in Fig. 6a, and in relation to site moisture index in Fig. 6b). Because of the similarity in
mistletoe and host relationship slopes, site aridity did not explain significant variation in M-H
differences in §'°C (e.g. see mixed model results incorporating all effects in Table 1). Both
species groups showed a weak but significant tendency for higher Nyass at drier sites
(mistletoes: r2 = 0.07; host: 2 = 0.13; both P < 0.01, Fig. 6¢).

Unexpectedly, we found that MAT explained 24 % of the M-H differences variation in
3'3C (Fig. 7a), and this effect was still highly significant when all other effects were
accounted for (mixed model results; Table 1). Specifically, mistletoes and hosts did not on
average differ in 5'3C (and thus WUE) at cold sites, while at warmer sites mistletoes were
increasingly more profligate in water use than their hosts (they had lower WUE). Fig. 7b
illustrates that this result was caused mainly by a response to MAT in mistletoes and not in
hosts: mistletoes 5'°C decreased while §'3C in hosts was relatively constant across the

temperature gradient.

Discussion

To summarise the main results, we found support for lower §'°C in mistletoes relative to their
hosts, suggesting that they operate at lower ci:ca (and are therefore less water use efficient),
except at colder sites. We also showed that Nmass in mistletoe and host are positively
correlated, and the same was found in relation to 8'°C, suggesting coupled carbon and N
metabolisms. Our results provided little support for the N parasitism hypothesis: more
nitrogen in hosts (i.e., N-fixing hosts and higher Nmass) was not related to more similar WUE

between hosts and mistletoes. However, we found clear support for the mimicry hypothesis
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considering N-fixing hosts: mimic mistletoes had higher Niass than their hosts, whereas non-
mimic species did not differ. In contrast, no support for the mimicry hypothesis was found
when considering non N-fixing hosts (or, indeed, when considering all species together).
More broadly, we could see significant differences between the two mistletoe families
(Viscaceae mistletoes showed higher Nmass, than their hosts, while Loranthaceae showed
marginally lower Nmass than their hosts). We also found similar shifts of Nimass and 8'*C to site

aridity in mistletoes and hosts, but differences in the patterning of 8'*C to site temperature.

Water use efficiency and the N-parasitism hypothesis

Ehleringer et al. (1985) showed that, across species sampled from three continents, M-H
differences in §'°C were smaller on hosts with higher leaf N concentration (Npmass). These
authors argued that this constituted strong evidence in support of the N-parasitism hypothesis,
reasoning that, given sufficient access to host N in the xylem stream, there would be less
advantage to mistletoes having markedly lower WUE. Here we took a different approach to
testing the hypothesis, considering individual pairs of mistletoe and host rather than using an
average value for each continent, and we did not find the same strong pattern (Fig. 3a).
Moreover, we showed that M-H differences in §!°C are no lower on N-fixing hosts than on
non-fixing hosts, suggesting that higher N in the host xylem does not seemingly influence
WUE in mistletoes (Fig. 3b). At best, we found very weak support for this contention, with
host Nimass explaining just 8% of variation in M-H differences in §'*C (Fig. 3a).

One could interpret the positive relationship between N concentration and §'°C in
mistletoes (Fig. 4) as the outcome of a strategy to extract more nitrogen from hosts by
maintaining a steep differential in xylem water pressure (via keeping the stomata open),
which would support the nitrogen-parasitism hypothesis. However, a similarly positive slope

was found for the relationship in hosts, suggesting that there is little difference between
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mistletoe and host water and N use behaviour in this regard. For instance, Nmass is known to
be positively correlated with §'°C (Hogberg, Johannisson & Hillgren 1993; Guehl, Fort &
Ferhi 1995; Sparks & Ehleringer 1997) because of the strong influence of nitrogen on
photosynthetic capacity (Evans 1989), and the negative correlation (all else being equal)
between photosynthesis with intercellular CO, concentration (Farquhar, Ehleringer & Hubick
1989; Sparks & Ehleringer 1997). In summary, we found little support for the N-parasitism
hypothesis, although it was indeed true that mistletoes operated with lower WUE.

One explanation for this lower intercept value (lower WUE) in the regression between
8'3C and Npmass in mistletoes (Fig. 4) could be that mistletoes usually develop inside the
canopy of the hosts, so that the average light availability and the microclimate they experience
are different (Watson 2001; Cooney, Watson & Young 2006), in turn influencing intercellular
CO: concentration (ci : ca). Indeed, several studies indicate that leaf §'*C can vary with
canopy position, becoming more negative as leaves become more shaded (Medina & Minchin
1980; Francey et al. 1985; Ehleringer et al. 1986a). Da Silveira et al. (1989) found that the
difference in 613C values between plants grown in the sun treatment and in forest shade was
over 6%o , while Ehleringer et al. (1986a) found values from 2.8 to 4.2%o lower in understory
leaf samples compared to canopy leaves. If leaves collected from mistletoes for analyses were
formed in the shade, and leaves from the host in the sun, there is the possibility that the
pattern we found may be a result of different environmental conditions during leaf
development.

The carbon parasitism hypothesis (Marshall & Ehleringer 1990; Schulze et al. 1991;
Marshall et al. 1994) also does not help to explain why mistletoes exhibit such a low §'*C
signal compared to their hosts. The carbon retrieved from the host xylem is expected to be
less negative than the §!°C measured in the host leaves, because structural carbon from dry

matter in leaves shows higher discrimination compared to the xylem sap (Evans et al. 1986;
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Cernusak, Pate & Farquhar 2002; Keitel et al. 2003), and heterotrophic tissues are '*C-
enriched compared to leaves (Cernusak et al. 2009). Therefore, the higher assimilation of
amino acids from the host xylem should result in more enriched §'°C signal (less negative) in
the mistletoe leaf (Cernusak, Pate & Farquhar 2004). For example, holoparasitic plants, which
derive all their carbon from the host, exhibit a §'°C signal 1.0 to 1.5%o less negative than their
hosts (Cernusak, Pate & Farquhar 2004). Therefore, for mistletoes, if it were possible to
measure the '°C of photosynthetic carbon only (i.e., not including any carbon from the host)
then these values should be even more negative than the 3'*C signatures of the observed
(combined heterotrophic and autotrophic) carbon. In addition, the current models used to
calculate heterotrophy in mistletoes are still rather untrustworthy, yielding unrealistic values
when mistletoes have similar or higher §'*C compared to their hosts (Bannister & Strong
2001a; Tennakoon, Chak & Bolin 2011). In order to fully understand all the mechanisms
underlying mistletoe carbon balance and water use we need better models or approaches to
verifying the extent to which heterotrophic carbon gain helps to explain mistletoe carbon

isotopic signature.

Mimicry hypothesis

Overall, host-mimic mistletoes in this study did not show higher Nmass in relation to their
hosts, compared to differences seen for non-mimic mistletoes. However, when mimicry was
considered together with nitrogen-fixing ability of the host, we found a significant effect on
the host-mistletoe Nmass difference. N-fixing host alone was not a significant factor, nor the
mimicry, but only the interaction betw een the two factors (Table 1, Fig. 5), suggesting that
the positive interaction between mimicry and N-fixing hosts might be a result of a combined
additive effect. Host-mimic mistletoes parasitizing non-N-fixing hosts do not show the same

trend, perhaps due to limiting N concentration in the host xylem (Fig. 5). Considering optimal
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defence theory (McKey 1974; Rosenthal, Janzen & Applebaum 1979), it is reasonable to
assume that higher N concentration in mistletoe leaves relative to the surrounding vegetation
will increase their attractiveness to herbivores, leading to a greater selective advantage for
investing on herbivore avoidance strategies. Coincidentally, N-fixing plants usually do have
higher amounts of N-based toxic defences, such as alkaloids, cyanogenic glycosides, metal-
binding factors and protease inhibitors (McKey 1974; Mattson 1980; Johnson, Liu & Bentley
1987; Mgller 2010). There is the possibility that mistletoes on N-fixing hosts could also
accumulate N-based defences from the hosts, and the evolution of mimicry could be favoured
in these situations where the presence of an N-fixing host affords the luxury of have higher N
concentration compared to the hosts.

It is important to recognise that there is some confusion in the literature regarding the
application of the terms “mimicry” and “crypsis” in cases of mistletoe and host leaf
resemblance (Vane-Wright 1980). If herbivores are searching exclusively for mistletoe leaves
but are deceived because they are indistinguishable from host leaves, it is a case of protective
crypsis (Endler 1981). Protective crypsis implies that the mistletoe should have traits that
otherwise would make their leaves more attractive to herbivores, such as higher Nmass (as a
proxy for higher leaf palatability). However, if herbivores already actively avoid leaves from
a specific host, mistletoes would benefit from being morphologically similar to the host
leaves, and it would consist an example of Batesian mimicry (Vane-Wright 1980). In this
case, mistletoes would not necessarily have higher Nmass, but their hosts should have lower
palatability traits (or higher chemical and physical defences) compared to the surrounding
vegetation. Further investigation into herbivory rates and investment in chemical and physical
defences are needed to determine if there is support for this hypothesis, which would help to

explain the evolution of leaf morphological resemblance in mistletoes and hosts.
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Family differences between mistletoe traits

Differences in N concentration between mistletoes and host leaves could also be explained by
inherent differences between the two distinct families (Viscaceae and Loranthaceae, Table 1).
For instance, Viscaceae species in this study tended to show higher Niass compared to
Loranthaceae species. Loranthaceae family originated in the South Hemisphere, between
fragments of Gondwana (Raven & Axelrod 1974), and is mainly distributed in the tropical
region (Geils et al. 2002) whereas Viscaceae is thought to have originated in East Asia and
radiated through Laurasia, occurring mostly in tropical and temperate zones of the Northern
Hemisphere (Geils, Cibridn Tovar & Moody 2002). Although Viscaceae and Loranthaceae
were considered closely related families and even classified as a single family in the past
(Engler & Krause 1935), there are significant differences between them (Kuijt 1969; Polhill &
Wiens 1998). More recently, the two families are considered to have evolved parasitism
independently and are classified as non-sister taxa (Nickrent et al. 2010; Nickrent 2011).

All Viscaceae mistletoes have small flowers, are connected by a single haustorium and
have pale-green leaves, while Loranthaceae mistletoes almost exclusively have large,
colourful flowers, can develop multiple connections by epicortical roots and are highly varied
in leaf colour (Nickrent 2011). Implicit differences in the evolutionary history between the
two families might be reflected not only in these morphological traits, but also in their
physiology and the resource exploitation strategy of their hosts. The higher Nmass in Viscaceae
suggest that this family might indeed have a greater impact on the host, as suggested in
previous studies (Aukema 2003; Shaw, Watson & Mathiasen 2004), though the specific

mechanism remains to be clarified.
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Environmental factors affecting host-mistletoe leaf traits

Increasing aridity was correlated with higher §'3C signature (Figs 6a, 6b) and higher leaf Niass
(Fig. 6¢) for both mistletoes and hosts. The tendency for higher aridity to be associated with
less negative §'°C in non-parasitic, C3 plants has been demonstrated in many studies, both
regionally and globally (Stewart et al. 1995; Weiguo et al. 2005; Diefendorf ef al. 2010;
Hartman & Danin 2010; Prentice et al. 2011; Ma et al. 2012). Plants from more arid climates
also tend to have higher leaf N per unit area (Wright, Reich & Westoby 2003; Wright et al.
2005; Prentice et al. 2011). Mistletoes also become more conservative in their water use as
aridity increases (Fig. 6b), suggesting that they are not only capable of adjusting some of the
physiological traits to couple with their hosts’ characteristics (Figs 1a, 1b), but also respond
similarly to environment differences in water availability (Fig. 6).

Unexpectedly, M-H differences in leaf §'°C were negatively correlated with mean
annual temperature (Table 1; Fig. 7a) with a mean difference of ca. 3 %o at sites with MAT of
25 °C but no mean difference at sites with MAT of ca. 5 °C. Neither of the underlying trends
(i.e. in mistletoes or hosts) was as consistent as the combined trend; still, it was clear that the
trend in M-H differences was largely driven by that in mistletoes, there being no relationship
between leaf §'3C and MAT in host plants (Fig. 7b). The trend in mistletoes, indicating lower
average ci:ca at colder sites, is consistent with the predicted and then observed trend seen in
non-mistletoe species along a temperature gradient in eastern Australia (Prentice et al. 2014;
but see Diefendorf et al. 2010), where the prediction of lower ci:ca at colder sites was mainly
due to the effect of temperature on Rubisco kinetics. Why this was seen here in mistletoes but
not hosts is unknown, as is the overall significance of this trend in M-H differences in §'*C
with respect to site temperature. What we can say is that this result was still clearly observed
when variation in a wide variety of other factors (of both hosts and mistletoes) was

simultaneously accounted for (Table 1).

64



Chapter 2 — Global analysis of N and water in mistletoe-host pairs

Conclusion

We found little support for the N-parasitism hypothesis and partial support for the mimicry
hypothesis in a global context. Mistletoes considered to be mimics and occurring on N-fixing
host had higher N concentrations compared to the host, suggesting that the evolution of
mimicry in mistletoes could be associated with higher N availability in the hosts. We also
found that Niass 1s patterned with respect to different taxonomic groups, with Viscaceae
showing higher Nmass than hosts compared to the tropical Loranthaceae mistletoes. Our study
shows, for the first time, that mistletoes and hosts have similar responses to precipitation and
moisture index gradients considering water and nitrogen use in a global context, but also

respond differently in terms of a temperature gradient.
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Figure 1. The distribution of the mistletoe-host pairs data globally.
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Figure 2. Positive relationship between mistletoes and hosts across different mistletoes-pair

species reported on the literature and our own data for (a) carbon isotope discrimination

(slope (95% confidence intervals) = 1.01 (0.86, 1.19); r> = 0.39, P < 0.0001); and (b) leaf N

concentration (slope (95% confidence intervals) =1.25 (1.10, 1.41); 1* = 0.35, P < 0.0001).

The dashed line corresponds to the 1:1 relationship and the solid line represents the fitted line

based on the SMA values.
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0.03, P = 0.08); and (b) pair-wise comparison between mistletoe to host difference in §'°C in

N-fixing (n = 19) and non-fixing hosts (n = 71; t = -0.69, P = 0.49).
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Figure 4. Standardized major axis (SMA) relationship between §!°C and leaf N concentration
for mistletoes (filled symbols, solid line; slope (95% confidence intervals) = 0.83 (0.79, 1.00);
2=0.24, P <0.001) and hosts (empty symbols, dashed line; slope (95% confidence intervals)
=0.97 (0.80, 1.19); 2= 0.08, P = 0.004). Common slope (95% confidence intervals) f = 0.89

(0.71, 1.02).
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Figure 5. Pair-wise comparison between mistletoe to host difference in N concentration in
mimic (n = 50) and non-mimic (n = 118) mistletoes growing on N-fixing (n = 48) and non-
fixing hosts (n = 119). The continuous line within the box shows the median, error bars show
10 and 90 percentiles and open circles represent outliers. Mimic mistletoes growing on N-
fixing hosts shows higher difference values than the other groups (ANOVA, Fy,163=7.86, P =

0.005).
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Figure 6. Relationship between §'3C and (a) precipitation (mistletoes: 12 = 0.41; host: 12 =
0.35; P < 0.001); and (b) moisture index for mistletoes (r* = 0.35, P < 0.001) and hosts (1> =
0.12, P < 0.001). (c) Relationship between N concentration and precipitation (mistletoes: 12 =
0.07; host: 12 = 0.13; P < 0.01) for mistletoes (empty symbols) and hosts (filled symbols)

across a precipitation gradient. Moisture index was calculated as the ratio between mean

annual precipitation and potential evapotranspiration.
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Figure 7. (a) Mistletoe to host 8'3C difference become higher in warmer sites. The more
negative the difference, the greater the difference between mistletoe and host §'°C (r*> = 0.24, P
< 0.0001, n = 93). (b) Relationship between §'°C and mean annual temperature for mistletoes
(empty symbols, dashed line; r? = 0.08, P = 0.003) and hosts (filled symbols, solid line; P =

0.26).

79



Chapter 2 — Global analysis of N and water in mistletoe-host pairs

References

Adler, L.S. (2002) Host effects on herbivory and pollination in a hemiparasitic plant. Ecology,
83, 2700-2710.

Aukema, J.E. (2003) Vectors, viscin, and Viscaceae: mistletoes as parasites, mutualists, and
resources. Frontiers in Ecology and the Environment, 1,212-219.

Bannister, P. (1989) Nitrogen concentration and mimicry in some New Zealand mistletoes.
Oecologia, 79, 128-132.

Bannister, P. & Strong, G.L. (2001a) Carbon and nitrogen isotope ratios, nitrogen content and
heterotrophy in New Zealand mistletoes. Oecologia, 126, 10-20.

Barlow, B.A. & Wiens, D. (1977) Host-parasite resemblance in Australian mistletoes: the
case for cryptic mimicry. Evolution, 31, 69-84.

Bates, D., Maechler, M. & Bolker, B. (2013) Ime4: Linear mixed-effects models using S4
classes. R package version 0.999999-0. 2012. URL http://CRAN.R-
project.org/package= Ime4

Blick, R.A.J., Burns, K.C. & Moles, A.T. (2012) Predicting network topology of mistletoe-
host interactions: do mistletoes really mimic their hosts? Oikos, 121, 761-771.

Bowie, M. & Ward, D. (2004) Water and nutrient status of the mistletoe Plicosepalus acaciae
parasitic on isolated Negev Desert populations of Acacia raddiana differing in level of
mortality. Journal of Arid Environments, 56, 487-508.

Calder, M. & Bernhardt, P. (1983) The biology of mistletoes. Academic Press, Sydney, NSW.

Canyon, D. & Hill, C. (1997) Mistletoe host-resemblance: A study of herbivory, nitrogen and
moisture in two Australian mistletoes and their host trees. Australian Journal of
Ecology, 22, 395-403.

Cernusak, L., Pate, J. & Farquhar, G. (2002) Diurnal variation in the stable isotope
composition of water and dry matter in fruiting Lupinus angustifolius under field

conditions. Plant, Cell & Environment, 25, 893-907.
80



Chapter 2 — Global analysis of N and water in mistletoe-host pairs

Cernusak, L.A., Pate, J.S. & Farquhar, G.D. (2004) Oxygen and carbon isotope composition
of parasitic plants and their hosts in southwestern Australia. Oecologia, 139, 199-213.

Cernusak, L.A., Tcherkez, G., Keitel, C., Cornwell, W.K., Santiago, L.S., Knohl, A., Barbour,
M.M., Williams, D.G., Reich, P.B. & Ellsworth, D.S. (2009) Why are non-
photosynthetic tissues generally '*C enriched compared with leaves in C3 plants?
Review and synthesis of current hypotheses. Functional Plant Biology, 36, 199-213.

Chapin, F.S., Bloom, A.J., Field, C.B. & Waring, R.H. (1987) Plant responses to multiple
environmental factors. Bioscience, 37, 49-57.

Cooney, S.J., Watson, D.M. & Young, J. (2006) Mistletoe nesting in Australian birds: a
review. Emu, 106, 1-12.

Da Silveira, L., Sternberg, L., Mulkey, S.S. & Wright, S.J. (1989) Ecological interpretation of
leaf carbon isotope ratios: influence of respired carbon dioxide. Ecology, 70, 1317-1324.

Diefendorf, A.F., Mueller, K.E., Wing, S.L., Koch, P.L. & Freeman, K.H. (2010) Global
patterns in leaf '*C discrimination and implications for studies of past and future
climate. Proceedings of the National Academy of Sciences, 107, 5738-5743.

Ehleringer, J., Field, C., Lin, Z.-f. & Kuo, C.-y. (1986a) Leaf carbon isotope and mineral
composition in subtropical plants along an irradiance cline. Oecologia, 70, 520-526.

Ehleringer, J., Schulze, E., Ziegler, H., Lange, O., Farquhar, G. & Cowan, I. (1985) Xylem-
tapping mistletoes: water or nutrient parasites. Science, 227, 1479-1481.

Ehleringer, J., Field, C., Lin, Z. & Kuo, C. (1986a) Leaf carbon isotope and mineral
composition in subtropical plants along an irradiance cline. Oecologia, 70, 520-526.

Ehleringer, J., Ullmann, I., Lange, O., Farquhar, G., Cowan, 1., Schulze, E.-D. & Ziegler, H.
(1986b) Mistletoes: a hypothesis concerning morphological and chemical avoidance of

herbivory. Oecologia, 70, 234-237.

81



Chapter 2 — Global analysis of N and water in mistletoe-host pairs

Ehleringer, J.R., Cook, C.S. & Tieszen, L.L. (1986) Comparative water use and nitrogen
relationships in a mistletoe and its host. Oecologia, 68, 279-284.

Endler, J.A. (1981) An overview of the relationships between mimicry and crypsis. Biological
Journal of the Linnean Society, 16, 25-31.

Engler, A. & Krause, K. (1935) Loranthaceae. Die natiirl. Pflanzenfam Vol. 2. (eds A. Engler

& K. Prantl), pp. 98-203. Dunker & Humboldt, Berlin.

Escher, P., Eiblmeier, M., Hetzger, I. & Rennenberg, H. (2004) Spatial and seasonal variation
in amino compounds in the xylem sap of a mistletoe (Viscum album) and its hosts
(Populus spp. and Abies alba). Tree Physiology, 24, 639-650.

Escher, P., Peuke, A.D., Bannister, P., Fink, S., Hartung, W., Jiang, F. & Rennenberg, H.
(2008) Transpiration, CO; assimilation, WUE, and stomatal aperture in leaves of
Viscum album (L.): Effect of abscisic acid (ABA) in the xylem sap of its host (Populus
euamericana). Plant Physiology and Biochemistry, 46, 64-70.

Evans, J., Sharkey, T., Berry, J. & Farquhar, G. (1986) Carbon isotope discrimination
measured concurrently with gas exchange to investigate CO» diffusion in leaves of
higher plants. Functional Plant Biology, 13, 281-292.

Evans, J.R. (1989) Photosynthesis and nitrogen relationships in leaves of C3 plants.
Oecologia, 78, 9-19.

Farquhar, G., Hubick, K., Condon, A. & Richards, R. (1989) Carbon isotope fractionation and
plant water-use efficiency. Stable isotopes in ecological research, (eds P.W. Rundel,
J.R. Ehleringer & K.W. Nagy) pp.21-40. Springer-Verlag , New York.

Farquhar, G.D., Ehleringer, J.R. & Hubick, K.T. (1989) Carbon isotope discrimination and

photosynthesis. Annual review of plant biology, 40, 503-537.

82



Chapter 2 — Global analysis of N and water in mistletoe-host pairs

Francey, R., Gifford, R., Sharkey, T. & Weir, B. (1985) Physiological influences on carbon
isotope discrimination in huon pine (Lagarostrobos franklinii). Oecologia, 66, 211-
218.

Geils, B.W., Cibrian Tovar, J. & Moody, B. (2002) Mistletoes of North American conifers.
General Technical Report-Rocky Mountain Research Station, USDA Forest Service.

Gibson, C. & Watkinson, A. (1989) The host range and selectivity of a parasitic plant:
Rhinanthus minor L. Oecologia, 78, 401-406.

Glatzel, G. (1983) Mineral nutrition and water relations of hemiparasitic mistletoes: a
question of partitioning. Experiments with Loranthus europaeus on Quercus petraea
and Quercus robur. Oecologia, 56, 193-201.

Glatzel, G. & Geils, B.W. (2009) Mistletoe ecophysiology: host—parasite interactions. Botany,
87, 10-15.

Guehl, J., Fort, C. & Ferhi, A. (1995) Differential response of leaf conductance, carbon
isotope discrimination and water-use efficiency to nitrogen deficiency in maritime
pine and pedunculate oak plants. New Phytologist, 131, 149-157.

Hartman, G. & Danin, A. (2010) Isotopic values of plants in relation to water availability in
the Eastern Mediterranean region. Oecologia, 162, 837-852.

Hogberg, P., Johannisson, C. & Hillgren, J.-E. (1993) Studies of '°C in the foliage reveal
interactions between nutrients and water in forest fertilization experiments. Plant and
Soil, 152,207-214.

Johnson, N., Liu, B. & Bentley, B. (1987) The effects of nitrogen fixation, soil nitrate, and
defoliation on the growth, alkaloids, and nitrogen levels of Lupinus succulentus
(Fabaceae). Oecologia, 74, 425-431.

Keitel, C., Adams, M., Holst, T., Matzarakis, A., Mayer, H., Rennenberg, H. & Gessler, A.

(2003) Carbon and oxygen isotope composition of organic compounds in the phloem

83



Chapter 2 — Global analysis of N and water in mistletoe-host pairs

sap provides a short-term measure for stomatal conductance of European beech
(Fagus sylvatica L.). Plant, Cell & Environment, 26, 1157-1168.

Kuijt, J. (1969) The biology of parasitic flowering plants. University of California Press,
Berkeley. The biology of parasitic flowering plants. University of California Press,
Berkeley, CA.

Kiippers, M. (1992) Carbon discrimination, water-use efficiency, nitrogen and phosphorus
nutrition of the host/mistletoe pair Eucalyptus behriana F. Muell and Amyema
miquelii (Lehm. ex Miq.) Tiegh. at permanently low plant water status in the field.
Trees-Structure and Function, 7, 8-11.

Lambers, H., Chapin, F.S. & Pons, T.L. (1998) Plant physiological ecology. Springer, New
York.

Lamont, B.B. & Southall, K.J. (1982) Distribution of Mineral Nutrients between the
Mistletoe, Amyema preissii, and Its Host, Acacia acuminata. Annals of Botany, 49,
721-725.

Ma, J.-Y., Sun, W, Liu, X.-N. & Chen, F.-H. (2012) Variation in the stable carbon and
nitrogen isotope composition of plants and soil along a precipitation gradient in
Northern China. Plos One, 7, e€51894.

Marshall, J., Ehleringer, J., Schulze, E.D. & Farquhar, G. (1994) Carbon isotope composition,
gas exchange and heterotrophy in Australian mistletoes. Functional Ecology, 8, 237-
241.

Marshall, J.D., Dawson, T.E. & Ehleringer, J.R. (1994) Integrated nitrogen, carbon, and water
relations of a xylem-tapping mistletoe following nitrogen fertilization of the host.
Oecologia, 100, 430-438.

Marshall, J.D. & Ehleringer, J.R. (1990) Are xylem-tapping mistletoes partially

heterotrophic? Oecologia, 84, 244-248.

84



Chapter 2 — Global analysis of N and water in mistletoe-host pairs

Marvier, M.A. (1996) Parasitic plant-host interactions: plant performance and indirect effects
on parasite-feeding herbivores. Ecology, 77, 1398-14009.

Mattson, W.J. (1980) Herbivory in relation to plant nitrogen content. Annual Review of
Ecology and Systematics, 11, 119-161.

McKey, D. (1974) Adaptive patterns in alkaloid physiology. American Naturalist, 305-320.

Medina, E. & Minchin, P. (1980) Stratification of 8'3C values of leaves in Amazonian rain
forests. Oecologia, 45, 377-378.

Mgller, B.L. (2010) Functional diversifications of cyanogenic glucosides. Current Opinion in
Plant Biology, 13, 337-346.

Mooney, H. & Gulmon, S. (1982) Constraints on leaf structure and function in reference to
herbivory. Bioscience, 32,198-206.

Nagelkerke, N.J. (1991) A note on a general definition of the coefficient of determination.
Biometrika, 78, 691-692.

New, M., Lister, D., Hulme, M. & Makin, 1. (2002) A high-resolution data set of surface
climate over global land areas. Climate research, 21, 1-25.

Nickrent, D.L. (2011) Santalales (Including Mistletoes).

Nickrent, D.L., Malécot, V., Vidal-Russell, R. & Der, J.P. (2010) A revised classification of
Santalales. Taxon, 59, 538-558.

Orozco, A., Rada, F., Azocar, A. & Goldstein, G. (1990) How does a mistletoe affect the
water, nitrogen and carbon balance of two mangrove ecosystem species? Plant, Cell &
Environment, 13, 941-947.

Panvini, A.D. & Eickmeier, W.G. (1993) Nutrient and water relations of the mistletoe
Phoradendron leucarpum (Viscaceae): how tightly are they integrated? American
Journal of Botany, 80, 872-878.

Polhill, R.M. & Wiens, D. (1998) Mistletoes of Africa. Royal Botanic Gardens, Kew.

85



Chapter 2 — Global analysis of N and water in mistletoe-host pairs

Prentice, I.C., Dong, N., Gleason, S.M., Maire, V. & Wright, 1.J. (2014) Balancing the costs
of carbon gain and water transport: testing a new theoretical framework for plant
functional ecology. Ecology Letters, 17, 82-91.

Prentice, I.C., Meng, T., Wang, H., Harrison, S.P., Ni, J. & Wang, G. (2011) Evidence of a
universal scaling relationship for leaf CO2 drawdown along an aridity gradient. New
Phytologist, 190, 169-180.

Press, M.C. & Graves, J.D. (1995) Parasitic plants. Chapman & Hall Ltd, London.

Raven, P.H. & Axelrod, D.I. (1974) Angiosperm biogeography and past continental
movements. Annals of the Missouri Botanical Garden, 539-673.

Richter, A., Popp, M., Mensen, R., Stewart, G. & Willert, D. (1995) Heterotrophic carbon
gain of the parasitic angiosperm Tapinanthus oleifolius. Functional Plant Biology, 22,
537-544.

Rosenthal, G.A., Janzen, D.H. & Applebaum, S.W. (1979) Herbivores, their interaction with
secondary plant metabolites. Academic Press, New York.

Schaefer, H.M. & Ruxton, G.D. (2009) Deception in plants: mimicry or perceptual
exploitation? Trends in Ecology & Evolution, 24, 676-685.

Schmidt, S., Stewart, G.R., Turnbull, M.H., Erskine, P.D., Ashwath, N. (1998). Nitrogen
relations of natural and disturbed plant communities in tropical Australia. Oecologia,
117, 95-104.

Schulze, E.D. & Ehleringer, J. (1984) The effect of nitrogen supply on growth and water-use
efficiency of xylem-tapping mistletoes. Planta, 162, 268-275.

Schulze, E.D., Lange, O., Ziegler, H. & Gebauer, G. (1991) Carbon and nitrogen isotope
ratios of mistletoes growing on nitrogen and non-nitrogen fixing hosts and on CAM

plants in the Namib desert confirm partial heterotrophy. Oecologia, 88, 457-462.

86



Chapter 2 — Global analysis of N and water in mistletoe-host pairs

Schulze, E.D., Turner, N. & Glatzel, G. (1984) Carbon, water and nutrient relations of two
mistletoes and their hosts: A hypothesis*. Plant, Cell & Environment, 7,293-299.

Seel, W., Cooper, R. & Press, M. (1993) Growth, gas exchange and water use efficiency of
the facultative hemiparasite Rhinanthus minor associated with hosts differing in foliar
nitrogen concentration. Physiologia Plantarum, 89, 64-70.

Shaw, D.C., Watson, D.M. & Mathiasen, R.L. (2004) Comparison of dwarf mistletoes
(Arceuthobium spp., Viscaceae) in the western United States with mistletoes (Amyema
spp., Loranthaceae) in Australia—ecological analogs and reciprocal models for
ecosystem management. Australian Journal of Botany, 52, 481-498.

Sparks, J. & Ehleringer, J. (1997) Leaf carbon isotope discrimination and nitrogen content for
riparian trees along elevational transects. Oecologia, 109, 362-367.

Stewart, G.R. & Press, M.C. (1990) The physiology and biochemistry of parasitic
angiosperms. Annual Review of Plant Biology, 41, 127-151.

Stewart, G.R., Joly, C.A., Smirnoff, N. (1992). Partitioning of inorganic nitrogen assimilation
between the roots and shoots of cerrado and forest trees of contrasting plant
communities of South East Brasil. Oecologia, 91, 511-517.

Stewart, G.R., Turnbull, M., Schmidt, S. & Erskine, P. (1995) *C natural abundance in plant
communities along a rainfall gradient: a biological integrator of water availability.
Functional Plant Biology, 22, 51-55.

Tennakoon, K.U., Chak, W.H. & Bolin, J.F. (2011) Nutritional and isotopic relationships of
selected Bornean tropical mistletoe—host associations in Brunei Darussalam.
Functional Plant Biology, 38, 505-513.

Ullmann, 1., Lange, O., Ziegler, H., Ehleringer, J., Schulze, E.D. & Cowan, 1. (1985) Diurnal
courses of leaf conductance and transpiration of mistletoes and their hosts in Central

Australia. Oecologia, 67, 577-587.

87



Chapter 2 — Global analysis of N and water in mistletoe-host pairs

Vane-Wright, R.1. (1980) On the definition of mimicry. Biological Journal of the Linnean
Society, 13, 1-6.

Wang, H., Prentice, 1. & Ni, J. (2012) Primary production in forests and grasslands of China:
contrasting environmental responses of light-and water-use efficiency models.
Biogeosciences Discussions, 9, 4285-4321.

Wang, L., Kgope, B., D’Odorico, P. & Macko, S.A. (2008) Carbon and nitrogen parasitism
by a xylem-tapping mistletoe (Tapinanthus oleifolius) along the Kalahari Transect: a
stable isotope study. African Journal of Ecology, 46, 540-546.

Warton, D.I., Duursma, R.A., Falster, D.S. & Taskinen, S. (2012) smatr 3—an R package for
estimation and inference about allometric lines. Methods in Ecology and Evolution, 3,
257-259.

Warton, D.I., Wright, L.J., Falster, D.S. & Westoby, M. (2006) Bivariate line-fitting methods
for allometry. Biological Reviews, 81,259-291.

Watson, D.M. (2001) Mistletoe-a keystone resource in forests and woodlands worldwide.
Annual Review of Ecology and Systematics, 32, 219-249.

Weiguo, L., Xiahong, F., Youfeng, N., Qingle, Z., Yunning, C. & Zhisheng, A. (2005) d1C
variation of C3 and C4 plants across an Asian monsoon rainfall gradient in arid
northwestern China. Global Change Biology, 11, 1094-1100.

Wright, L.J., Reich, P.B., Cornelissen, J.H., Falster, D.S., Groom, P.K., Hikosaka, K., Lee, W.,
Lusk, C.H., Niinemets, U. & Oleksyn, J. (2005) Modulation of leaf economic traits
and trait relationships by climate. Global Ecology and Biogeography, 14,411-421.

Wright, L.J., Reich, P.B. & Westoby, M. (2003) Least-Cost Input Mixtures of Water and

Nitrogen for Photosynthesis. The American Naturalist, 161, 98-111.

88



Chapter 2 — Global analysis of N and water in mistletoe-host pairs

Ziegler, H. (1995) Deuterium content in organic material of hosts and their parasites.
Ecophysiology of photosynthesis (eds E.D. Schulze & M.M. Caldwell), pp. 393-408.

Springer, New York.

89



Chapter 2 — Global analysis of N and water in mistletoe-host pairs

ST6T- 1897 ON SOX 11 QL1 LooBSOY SNSDL2DOAND] SNUNLJ roORYIUBIOT SHYIUDLOIU SNYJUDLOT | |
ON ON Lyl Q'] 9BIJBLIR[NSSOID) wnaun3uvs saquy roORYIUBIOT SNYgUDLOIU SNYJUDLO] | |
1282 10°8C- ON ON 91 61 QBOOBSOY  1ISPUOWIULIS 42]SDIU0IO)) JBadRYIUBIO] SNYIUDLOTUL SNYJUDLOT | |
89'67- €€0¢- ON ON €91 9yl oBoOBSOY pud8ouow sn8aviv.y) JeadRYIUBIO] SNYIUDLOTU SNYJUDLOT | |
8L 66T ON ON 91 Pl rooB SOy DO1SAUOP SNIDI roORYIULIOT SNYguUDLOIU SNYJUDLO] | |
18- +#8°9¢- SR ON 8°6¢ ¢'sT Jrooeqey] puvnssadsuout u1jaJ JBadRYIUBIO] SNYIUDLOTU SNYJUDLOT | |
€9°'L7- Y0'ST- SR ON S0¢ 102 qeaoeqe]  sisuauigvd sns1oavuivy?) JeadRYIUBIO] SNYIUDLOTU SNYJUDLOT | |
ON SOx. o1 4 9LoORIISY D1]0f191]1 DLIDI]O) rooRIUBIOT SNYguDLOIU SNYJUDLOT | |
99'9C-  9°/C- ON SOX 01 ¢l owooerodsomd  wnijofinuaj wniodsonid JBadRYIUBIO] SNYIUDLOTUL SNYJUDLOT | |
S1'62- 1897 ON ON 901 | oBoOBSOY $2p108S10 SNgnY JBadRYIUBIO] SNYIUDLOTUL SNYJUDLOT | |
ON ON Il g1 rooB SOy sap1o1]ap1uyds Snqny rooRYIULIOT SHYIUDLOIU SNYJUDLOT | |
ON SOX. ¥'S1 eyl qvooRI[EIY pI0I1S1P DA2YYJ2YOS JBadRYIUBIO] SNYIUDLOTUL SNYJUDLOT | |
1682~ SO'LT- ON ON 6°S1 (S QBOOBUAN §9p109142 PIZUNY JBadRYIUBIO] SNYIUDLOTU SNYJUDLOT | |
€L°ST- 18]'ST- ON SOX 602 Pl QBOOR[OIA sniogfuups snio1a rooRYIUBIOT SHYIUDLOIU SNYJUDLO] | |
L0 6062 ON ON €€ 791 QBOOBA[RIA pijofusnSun vLYor JBadRYIUBIO] SNYIUDLOTU SNYJUDLOT | |
76’87~ 8€'6C- ON ON L91 811 ovoorIqy p1]0f1ssDLI DULS04d0)) JBadRYIUBIO] SNYIUDLOTU SNYJUDLOT | |
TT6C- ST10¢g- ON ON GGl S1'6 JeoorIqmy pnburdo.sd vuisotdo) rooRYIUBIOT SNYIUDLOIU SNYJUDLOT | |
88'8C-  89°0¢- ON ON €0z 01 JeoorIqmy p1jofipunios vuiso1doy) roORIUBIOT SNYguUDLOIU SNYJUDLOT | |
19°0S- 9¥'ST- ON ON 1'¢e € JeoorINy xaydutis adoorjapy JeadRYIUBIO] SNYIUDLOU SNYJUDLOT | |
6S°67- 6L62 ON SOX L€T Lzl 9LooRILY SUDSVA DI QBAOROSIA  SIPIOIULOINDS D]JaS]PYLIOY | |
€0s- 79'ST- ON SOX 98 ) 9La0RILY DOIUDIISN] DI QBAOROSIA  SIPIOIULOINDS D]JaS]PYLIOY | |
1'62- €96¢- ON SOX €91 81 ovoorIqmy p1]0f1ssDLI DULS04d0)) 9BIOBISIA 1ndospuiy vjjasipyl0y 1
S1'6C- 10¢- ON SOX €€ 9'Z¢ JeoorINy xajduiis adootjapy QBAOBISIA udvspui vjjasppyroy 1|
O g Surxy-N  ATOMUIA TN TN Amureq 1SoH saroads 13S0 A[ue 90191 STA Sa100ds Q0319[ISI]A QUS JOY
QOIS 1SOH JSOH Q0I9MISIA

"Apmis STy} ur paIapIsuod sa1dads sired S1ISOY-20197ISTIAL TS IR L

eje(q [eyudw[ddng

90



Chapter 2 — Global analysis of N and water in mistletoe-host pairs

ON SOX L'LT €8 QeddRYJUBIY DULIDUW DIUUIIIAY QeddRYIURIO| asuakvyovw pwalwy ¢ ¢

ON SOx S0T 6L oeadRULIRNSE)) DUDIUDYSUIUUID DULIDNSD)) QeddRYIURIO| 1N8pquIDd PP WYy G

ON ON €SI €01 QBAIRUAIN pIv3s09 vioydoduy QBAORJUBIO] mpanbmuu pwauwy ¢ g

ON SOX €1 801 9BAIRUAIN uojdxoapis smyd{jponyg QBAORJUBIO] mpanbmuu vwakuwy ¢ g

ON SOX il 101 9BAIRUAIN p4qa10 snydKjponyg QBB JUBIO] mpanbmuu vwakuwy ¢ g

ON SOX 701 86 QBOORUAIN sua.Lolf134v] snydyponsy JBIORJURIO] nponbuu vwawy ¢ g

ON SOX LS 98 QBIORUAIN “ds smyd«jponyg JBIORJURIO] poumdups vwadwy ¢ g

ON SOX €U Gzl ewooriodsonid saproavaijdyd wniodsoyiid QBRI JURIO] 1divooxa puvisy ¢ ¢

SOx ON 60T 601 Jeadeqeq p&YovIsKYov.iq vIdVIY JBAOBYIUBIO] 1divooxa puvisy ¢ ¢

ON ON {¢€ 1°01 2eooeuenydords  wndivofipyd wniodop QBAORYIUBIO] 1divooxa puvisy ¢ ¢

SOX ON 8¢ 9Gl Qeddeqeq] DANIUD DIDDIY QeddRYIURIO| 1divooxa puvisy ¢ ¢

SOX ON 6¥1 191 JeodRQR] pua§a v1uoa)dua ] BAORJUBIO] 1divooxa puvisy ¢ ¢

ON SOx SLI € seaoepurdeS wn1jof12]0 WNIPUIPOLIIE] QeddRYIURIO| 1divooxa puvisy ¢ ¢

SOX ON 8Ll '€l Jeadeqe] p&YovIsKYov.iq P1dVIY QBIORYIURIO] Suvpuvnb vwafwy ¢ T

SoX ON 60T L6 JeddRQR] DANIUD DIIDIY JBIORYJURIO] Suvpuonb vwalwy ¢ 7

SOX SOX L'GT 0z JeaoRQR] pdiavooildpd v1ovoy JBIORYJURIO] Suvpuonb vwalwy ¢ 7

SOX SOX 12¢C 1€ Qeddeqe] DANIUD DIDDIY QeddRYIURIO| v puvis€y ¢ g

ON SOX LS 1°'¢] oeadRULIBNSE) DIDISILO DULIDNSD)) QBAORJUBIO] wnjdydoul) vwawy ¢ g

ON ON G'8 811 JrooEIIOI] IMUDYYIIM D2]]1ADLL) QBQORYIUBIO] wnniaqq13 pwakuy G g

SOX SOx 991 89y Qeddeqe] pAyovis&yov.iq v1OVIY QeddRYIURIO| v puvis€y ¢ g

L6'1€- 886 ON ON 78 I'TT 9ea0eSeJOYION JO DA LPUD]OS SNEDfOYION JBIORJURIO] vipadoaja) ayyuvpjy 1
SO'TE- 66'6C ON ON S0l $'01 9ea0eSeJOYION ]0 DA LPUD]OS SNSDfOYION JBIORYJURIO] ppravy oyiunii ]y € 1
1S'6C- 9v'LT- ON SO GGl I'L1 QBOOBUAN §2P102142 DIZUNY QBQOBISIA  SIPLOIULIOINIDS D]Jas|pylioy T |
LLTE- 6S1¢- ON SOX 6'6 601  QBIORYIURIO] SNYJUDLI MU SNYJUDLOT JBAOBYIUBIO] voyoavyuv viadny 1 |
61'8C- 61'8C- ON ON 611 78 9BI0BIASSNOY SNIDL12S SNJPPOdin)) QeddRYIURIO| Do13o4PIUD DP12dN] 1 1
ON ON €971 78 eoorIqNy pnbuidoid vuisordo) QBB JUBIO] poyosvup viadny 1 |

L6'6C- 60°6C- ON ON 66 €l QBRI D2IUDIISN] DI QeddRYIURIO| SNYJUDLONU SNYJUDLOT | 1

Umﬂw Um~@ mmgz mmﬁbz
Suxiy-N  ATomUIA Aure 1SOH saroads 1soy  Aquue, 203193 SIA saroads 20I9ISIA QUS Joy
Q0J9NISIIN  3SOH JSOH Q0IMISIN

91



Chapter 2 — Global analysis of N and water in mistletoe-host pairs

ON SOX 8€'6 98°¢] oedoeroydoziyy jp3v1 sdoria)) 9BIOBYIUBIO] pipoIpfgns puvis] 7l 8
ON SOx 6 6°€1 oedoeroydoziyy jp3vy sdoria)) QBQORYIURIOT DUJLIDW DIDIIDfGNSs buvIsfT 71 ¢
ON SOX LT 8T eaoepurdeg ponp]3nuay AvvIy QBIORYIURIO] pipopfgns puvis{] 1] 8§
SIX ON el 6 Qeaoeqeq pj)ydosijo vissv) QBIORYIUBIO] pipopfgns puvis{] 1 T
SOX ON 20¢ 102 JeadRQR] PUDISIULDL DIODIY JBAORBYJUBIO] pippnyipds puvis{7 11 ¢
ON SOX LT 9¢T aeaoepurdes ponp]3nuay PAvvIy JBAORYJUBIO] pipopfgns puvis{] 1 T
ON SOX 611 +S' 9BOBUAIN plorydoona) smyd{jponyg JBAORYJUBIO] pIvajovAqipunts vuvldyy 0 8§
ON SOX 76 G'9 QBOBUAIN piojydoona] smyd{jponyg JBAORYJUBIO] vapoviqipuvid vuyvydiq (0 T
SO ON €91 86 oeaoeqeq D2OD1L0I DIDDIY 9BQORYIUBIO] nuapiou vudlwy 6 g
SO ON G'8l 611 oeaoeqeq DUDI]MOI DIDDIY 9BQORYIUBIO] nuapivoul vuplwy 6 ¢
SOx ON G'8l '8 oeaoeqeq PUDI]MOI DIIDIY 9BQORYIUBIO] pipjnyivds puvisd] ¢ ¢
SO ON LT 901 oeaoeqeq D]OILIUOUL DIDDIY QBQORYIUBIO] pipjnyivds puvisd] ¢ ¢
SO ON 8’31 78 JBddRqR] DUDI]MOI DIODIY QBIOBYIUBIO] pipnyipds puvis{y g §
SO ON €1 Tyl JBIdRqR] p]jdydouos.aja n1ovIYy QBIOBYIUBIO] pitnu puvis&y ¢
SO SO TSI Ve JBddRqR] puvaduiay P1OVIY QBIOBYIUBIO] nuapiow puly ¢
ON SO 9¢ 6 JBI0BII0I] pUn2IL2 PIYDE] JBIdRYIUBIO] wnniaqqis vwaluy ¢
SO ON 8¢l 80T Jeaoeqeq puvaday P1OVIY JBIdRYIUBIO] nssiaad vualwy ¢
SO ON 8¢l 9'0¢ Jeaoeqeq puvadway v1OVIY JBIdRYIUBIO] pitnu puvisdy g ¢
SO ON 8C'/T 8S'/T Jeaoeqeq aDLI0JO14 DIODIY JBIdRYIUBIO] 1divooxa puvis&y | §
SO ON S'IT 9'/T Jeaoeqeq aDLI0JD14 D1ODIY JeadRYIUBIO] 1divooxa puvisdy | ¢
SO SO SI 8'¢e Jeaoeqeq pAyovis{yoviq v1OVOY JBIdRYIUBIO] nssiaad vualwy 9 ¢
SO ON SIl L€l Jeaoeqeq DIUIPDAOD DIDDIY JBIdRYIUBIO] IDULINSDD DUDISAT G
ON ON 98] %4l JBIJBA[RIN 11U0SUIGO4 WN1dLSSon) JBIdRYIUBIO] ADULINSDD DUDISAT G
SAX ON LI 9P Jeaoeqeq DAN2UD DIDDIY JBIdRYIUBIO] ppnyivds puvisd] ¢ ¢
ON ON 69 'L oeddessaxdn) SUUD]]2WN] 0D 111110 JBIORYIUBIO] pipnyivds puvisdy ¢ ¢
SOX ON 91 861 Jeaoeqeq D]021JUOUW DIDODIY JBIdRYIUBIO] ppnyipds puvisd] ¢ ¢
ON ON STl G'9]  QBIdRULIENSE) poNY]3 PULIDNSD)) JBAdRYIUBIO] puijjania aoyyydotpuaq G ¢
O Iei? Suxiy-N AIOMUIA TN TN Apuue] 1SOH saroads 1SoH  AQuue,] 203193 SIA sa10ads 90IoISIIN QUS Joy

Q0J9NISIIN  1SOH

JSOH 9Q0319[ISIA

92



Chapter 2 — Global analysis of N and water in mistletoe-host pairs

ON ON 1'6 861 JeaorU] suagnt »adld QBIIBISIA wnjpisnd wniqoyinadly 7 Gl

WOwNn thn ON ON @@ﬁ ﬁNOm OMOON@GEMSH E&%.:\ MQENME\. QBIJBISIA E:Q&EU:NN :Q&Etm%ﬁkbﬁxn& MN 14l
S6'LT- 9T8T- ON ON 1L°ST LT6T JBIOBSSAN DI1DAILS DSSAN QBIIBISIA wndipona] uoipuapvioyd ¢z 1
Tl 1Le- ON ON YT GETE JQBAORION vaafiuod vinjov QBIIBISIA wndiponaj uoipuapvioyd ¢z 1
S6'LT- 6LLT ON ON 78°€1 LS ElEhlxiiifg] DU1J0.L2S S]] QBIIBISIA wndipona] uoipuapvioyd ¢z 1
SY'LT- YTLT- ON ON 19°81 1212 JB2BI[O “ds SnuIXDLg QBAIBISIA wndiponaj uoipuapvioyd ¢z 1
78T 9 LT ON ON 7S°ST €9¢ Jeaoede] DIDAO DEAD)) QBIIBISIA wndipona] uoipuapvioyd ¢z 1
oG'R7-  18°LT- ON ON €€'81 8LT Elhlxiiifg] DUDILLIWD STUL]() QBOOBISIA wndipona] uoipuapvioyd ¢z 1
SLLT- 979C- ON ON 801°01 0L JBIORUAIA puviiyaq snyd ponyg JedORYIURIO] 1nponbu vwakwy 7z €1
ON SOx €1 11 9BIORUAIA S1UD]28s2] snidiponsy QvQORYIURIO]  Su22saqv]s aoyiydoipuaq 17 Tl

ON SOX G€l Syl JBIORUAIA S1UD]2ss2) snidjponsy JeIORYIURIO] vioffiurq vwalwy 17 1

ON ON €1 11 QBAOBUAIN p11&ydqiv)d snyd jponyg 9BORYIUBIO] suaosaqu)s aoyyydospuaq 17 71

SOA ON LT @hﬁ Qeadeqe{ B:B.Nﬁmuﬁk D1ODIY QBAJEYIUBIO] 2DV1ODID E:Bn\mhb.u:n& ON 11

me\N: mOmN: ON ON w._umN ._uwmm DNOONMGOGme pipuoLonud WEQQ.NN.NN QBIJEBISIA ESQ@D@QENDK wWnoSIA @ﬁ Oﬁ
969C- 16'¢C- ON 96CC ¥'CC ds 0¢ QBIJEIUEIO] snijofiajo smyjuvuidoy 61 QI
oI'€c- 691~ ON ON 8161 8€'91  oeaoerqioydng ("dsz) viqioydnzg  eddRYIURIOT vonp)8 vuipmdag 61 Q1
MWN\N: m.va: SOA ON GwN\N WONN Qeadeqe{ «m\hm.v D1ODIY QBAJIEYIUBIO] WEHENEWEE E:Bn\mhb.u:n& @ﬁ Oﬁ
SC8C- ST S9X ON (4 x44 Ir'ee BadeqEq Sudf122.4 PIVIY QBIJEIUEIO] nyssympam vjjajuopg - 61 0l
ON ON 96 L'y 9oeaoeuo3A[od D42f1a1 DGO]0II0)) 9BAORYIUBIO] puwpw pSUAYIYd {1 6

OoN ON GG [8'C  9QBadBIAIqUOD) §M102.42 SNAADI0UO)) JBIOBYIUBIO] punLDW DSNAYIYJ {1 6

ON ON 11 y'7¢  Qedoessardn) putiadsoaiso sniadiung QBOROSIA  wnuradiunl uospuapvioyd (1 L

v'97- 6°€C ON ON 6'6 8G' ¢l oeooessardn) vutiadsoaiso sniadiung QBOROSIA  wnuradiunl uospuapvioyd (1 L
SOX SOx v LI 681 Jeadeqe DIDURUNID DIDDIY JBIOBRYIUBIO] nss1a4d vualuy 91 9

ON ON 8781 89°Gl Jeaoede] ANGO4 SNIUINT JBIOBRYIUBIO] snavdoana snyjuvio] GI 1

ON ON '8¢ 80T Jeaoede] pav.Ljad SNI1INQ JBIOBRYIUBIO] snavdoana snyjuvio] G G

ON ON T €8T JraoBIMy DIDINI1IL SNLIL)) JBIORYIUBIO] prjofudd psniyiygd 1+

W STET- ON ON '8 0l oeooessaidn) putiadsoaiso sniadiung QBOROSIA  wnuradiunl uospuapvioyd ¢1 €
e e Suxy-N ATomurp TN TN Amuueq 1So0H saroads 1SOH  A[uue,] 90391 SIIA So10ods Q0IMISIIA QNS Joy

Q0I[ISIN  1SOH JSOH Q0I9[ISIA

93



Chapter 2 — Global analysis of N and water in mistletoe-host pairs

SR ON YT 8T oeaoeqeq wnpLoy wnip1o427) QBOOROSIA  WNIIULOf1]DI UOIPpUIPDLOY] €€ [T
ON ON 8T L'1€ QBOORYIURIO] UNIIULOf1]DD UOLPUIPDIOYJ QBOOROSIA  WNIIULOfI]DI UOIPpUIPDLOY] ¢E 1T
ON ON 9¢l 1'S1 ovooruld ponv]s Padid QBOOBISIA wnpisnd wniqoyinadly 7€ (OF
SR~ 66T SOX ON 97 S Jeaoeqe] ouvdow wnuiadsoydojo)) JeAORYIURIO] snijofiajo snyjuvurdny 1€ 61
I'Lz-  19¢ SOX ON 9°G¢ '€l oeaoeqeq p42f1]]au D1ODIY QBOORYIURIOT smyjofiajo snyjuvurdpy 0 61
L9Z- Gz SOX ON 0¥ €6¢ oeaoeqeq p42fij]au D1ODIY QBOORYIURIOT smyjofiajo snyyuvurdny 67 61
SR e SOX ON | d 6L1 JeadeqR] 1127112pN2] D1ODIY QBOORYIURIOT smyjofiajo snyyuvurdn] 67 61
ON ON Gl Gz 9BQORIIES pqv snpndog QBOORISIA  wing)v "dsqns wnqp winisiA {7 81
ON ON Gz Sy 9BQORIIES Dqv X1]D§ QBOORISIA  wing)v "dsqns wnqp wnisiA {7 81
SOx ON ¢z 0S araoeqe] p1ovIvopnasd p1u1qoy QBOORISIA  wing)v "dsqns wnqp wnisiA {7 81
ON ON 0T ST 9BAOBSOY pufSouout SN3a0J0LY) QBQORISIA  wnqgv "dsqns wnqgp wnosiA {7 8l
S6TE- 9767 ON ON 8L 79 9BIORIBWOISL[IIN WNILIYIDGD]DU DULOISD]I A QBIORYIURIOT pipaand aoyydoipuaq |7 L1
LETE-  €S0¢- ON ON 1'v1 Syl aeaoeIqIy DAUIII0D DIOX] QBIORYIURIOT pipaand aoyydoipuaq |7 L1
LS€E-  89°0¢- ON ON ail L6 QBOORUAIN vanbp viuaSnyg QBIORYIURIOT pipaind aoyydoipuaq |7 L1
1L°26- 97°8C- SOx ON 7SI L6 aeaorqe] ppuyiu vrydog 9BIORYIURIOT pipaind aoyydoipuaq |7 L1
1L°62- T€0¢- ON ON 61C 61 9BIIRPIEXO 1qUi1]1qQ DOYLLIAY QBIORYIURIOT pipaind aojydoipuaq |7 L1
yLES-  1S°QT- SOx ON Syl Lyl aeaoeqe] SHULUI DAIPUY 9BIORYIURIOT pipaand aoyydoipuaq |7 L1
€¢e-  LO]T ON ON ¢l 1'v1 9BQORIPIBIBUY po1pUl DAAIEUDY QBIORIURIO SISUIUIYIUIYDIOD UI]OSOIVIN [T LI
7ce- ¢ ON ON '8 19 oeaoejAydored  wnjdydour wnydydojp) QBQORYIUBIO] SISUIUIYIUIYIOD UI]OSOLIDI [T LI
671~ L96C- ON ON Il 6S oeaoeIo|N  snjjdydouajay sndivooiry QBOORYIURBIO] SISUIUIYOIUIYIOD UD]OSOUIDI [T L]
76'1¢-  €9°0¢- ON ON €Yl Il JeaoRIUE] pvivpuurd X231/ QBoORYIURIOT pouISNLL2f DINLINIG [T L]
1S7¢- SS6C- ON ON 91T 191 oeooeruousig Daso4 VINGIGD] QBoORYIURIOT pouISNLL2f DINLNIG [T L]
P91 $9°LT- ON ON aul L oeooeruousig ppijjpd vinqaqv] QBoORYIURIOT pouISNLL2f DINLINIG [T L]
T62- 209C- ON ON 9G¥1 919 QrooROLIBWIE], §2P102USN X1IDUD ] QBoORYIURIOT smyjofiajo snyyuvurdpy] 97 9]
1662- L1'9C- ON ON €97 8I°G JroORIOpRA[RS poisiad p1OpPAIDS QBoORYIURIOT smjofiajo snyjuvurdpy] 97 9]
o €T- $1- ON ON 8L°01 €9 oeaoeiqroydng psodia piqgioydns QroORYIURIOT smjofiajo snyjuvurdpy] 97 9]
ON ON 6 L€l ovooruld ponv]s Padid QBOOBISIA wnppisnd wniqoyinasty Gz Gl

D2 D0 SSEUIN SSRIN
el el SuXI-N AIOMUTIA Apuue 1SOH saroads 1soy  Auue 20319[ISIA sa10ads 90IMISIAL QUS Joy

Q0INISIN  1SOH ISOH QO0I9[ISIA

94



Chapter 2 — Global analysis of N and water in mistletoe-host pairs

88°7¢- 6¢- ON SO 880°81 680€'8 JeaoeIny DSOINIDUL DISIIPUL]] JeoORYJUBIO] 1spon] oy € ()
1¢- QC- ON ON SLLY 16’11 Jeoov1odoAN  wndivolypjd wniodolpy QBAORYIUBIO] psonovinu vty  6¢ ()
8C- LT ON ON PL8T'S 968 T oeoorrodsong wnijofisn3up wniodsog QBOORJURIO] 1ndivaoxa vuvis{y g€ 0
LT- 9¢- ON SOX. 9GT'81 ST 61 Jeoor[RIULS WNIDUNIUNID WN]DIUDS 9BOORYJURIO 1ndivaoxa vuvis{y g€ 0
8C- V- ON ON 97S°ST 8/9'G] oeaoeuenydorog vijofisuo] vjrydowaag QBQORIUBIO] ndivooxa puvis€ 8¢ ()
68'8C- Ge- ON ON 96811 969°01 ovoorrodoAN  wndivofipjd wniodolpyy QBQORIUBIO] ndivooxa puvis€ 8¢ ()
LT SC- SOX. ON 78091 y161T JeooRqeq “ds v1oDOY 9BOORJURIO] ndivaoxa vuvis{y g€ 0
QC- o¢C- SOX ON €L81 [TL61 eooeqe] vdivooiLdvd v1ovoy QBAORYIUBIO] Suvpuvnb vuaokwy ¢ ()
S'6C- LT SOX SO 798°L1 1L JeadRqR] aD1I0JD14 D1ODIY JeOORYJUBIO] nssio4d vuafury ¢ ()
6C- G- ON ON 92011 9G60t'S ovoor10doAN  wndivofypjd wniodolpyy QBAORYIUBIO] psonovanu vwakury 8¢ ()
¢€- 0¢- ON ON 86°S 67T JBOORUAIN putosvudy snidKponyg QBOOBOSIA SNaANDGNS SOXIYI00N [€ ()
0¢- 6C- ON SOX €EET'8 L99L Y QBOBUAN “dds snjdCponyg QBIORYIUBIO] sapro1dCpona puridjjonpy (€ ()
S 1€ SC- ON SOX S'L GLEQ QBOBUAN “dds snjdSpony QBIORYIURBIO] sapro1dCypona puridjjonyy (€ ()
1¢- 6C- ON SOA 86'S €€80°S QBOBUAN puwioisvway snyd jponsg QBIORYIURBIO] sapr01dCpona puridjjonpy (€ ()
o¢ ¢ 8T ON ON SLO'L GLTS QBOBUAN “dds snjdSpony QBQOBIUBIO] puijaiia aoyydoapuaq (€ ()
6C- SC- ON ON 879 89°GC QBOBUAN p1pIs00 vioydoSuy QBIORYIUBIO] puijaiia aoyydoapuaq (€ ()
¢€- LT ON ON L8TTT 719S°L QeOORMAN  snxopvivd uowaisoyjuvy JeoORYJUBIO] pipudis vUIUSIDIAF  9€ ()
c¢- 8C- ON ON 879°L LyLTl 980B3)01] p110fipriaid va]]142.45) JeooryJuelo]  XAJwoojuopo aoydoipuaq 9¢ ()
1€~ 9L°8C- ON SOX 90L0°L AN Jeo0RMAN piuopo.jal snydyponyg QBIORYIUBIO] poUINSUDS DUIAY  9F ()
I¢- SC- ON SOX 89/6'8 S681°L Qeo0RMAN piv1unu snidKpponyg QBIORYIUBIO] pouINSuUDs PUAY  9f ()
€ ST0¢- ON SOA 019 9T€Y’L QBOBUAN p1oai0d v1quiio) QBIORYIURBIO] paouIn3ups pualy  9¢ ()
- 68°6C ON SOX 999 SY6'L QBOBPAN 112§52]q D1qUILI0)) QBIORYIURBIO] pauInSuDns PUAKY 9¢ ()
1¢- SC- ON SOA LLS'S LEE YT QBOBPAN pip1unu snyd jponsg QBIORYIUBIO] 1jenbuu vwalwy 9 ()
L6'TE- 9L6C- ON ON 8901 tad| oeooRIYSId[e|N  D1]0f10sDGi24 DUITUOSILG QBOORYURIO pypao pSnAYIYgd S§ €T
ON ON 911 TS0l QBIJBIBWO)ISE[IIN SUDIGIV PIUOIT QBOORYURIO] pypao psSnAYIYgd G§ €T
ON ON €1 7811 QBIORIBWIO)SB[IIA SUDIIQID VIUOIIY JeOORYJUBIO] SnISNqo.d snyjuvovyIsd  G§ €
ON ON GGl 6'0¢C JBIDRI[IIN DIIPUL DIYIDIIPDZY JBIORYIURBIO] pioof 20yrydoipuaq € T
O D SuxIy-N AIOMUTIA TN TN Amuueq 1S0H saroads 1soy  A[uueq 20319[3SIA saroads Q0IONISIIN QUS Joy
Q0JNSIIN  ISOH ISOH 90I9ISTIN

95



Chapter 2 — Global analysis of N and water in mistletoe-host pairs

‘€10 0duRL] 29 UBSBPLIBH ‘UO[RIS 8661 7P 12 98NN

€2 16661 dIV % [ealed ‘Aweyoreuniey] ‘7z (5861 9Z[NYoS 2 1SULSIYY ‘17 ‘800T oNSsLL, 2 uyny ‘weSoT "0 ‘800T 7¥ 42 Suep ‘61 010T Uesy
2 n00g ‘I, ‘ST {110 UIOg 29 YBYD ‘UWOONRUUSL, "] ‘S661 17 42 JIOTY "9 900T NSSLL 29 ULS0T ‘UG 'S ‘€661 IOPUNDIF 29 TUIAUR]

P1 :7661 s1ddny €] (L661 I1TH 2 UoAuRD "Z1 “$00T PIM 29 1M0g “[1 1661 70 12 9ZINYdS "0 ‘0661 1V 12 092010 "6 ‘+661 10 12 [TBYSIEIN

8 €661 1OSULI[YT 29 UOSMBQ ‘[[RYSIRIA “L ‘7861 [[PYINOS 2 JUOWRT '9 ‘€86 [9ZIRID 'S {986 ZOPURUIIH 29 300D ‘AMBNIRYS-[H t ‘9861 USZSLL
29 Y00 ‘IOSULID[YY “€ ‘9861 7P 2 JOSULIBIYH G861 7P 12 UUBWI[() "Z ‘100 Suong 2 1Isiuueq ‘6861 IIsmuueg ‘[ ‘Iep P[oL) UM(Q'() :SIOUIJIY

81°6C- QC- SOX ON e Ll 90¥°0T JedoeqR] DANIUD DIODIY QBIORYIURIO] 11dip20x2 PUPISAT 65 ()
6C- 8C- ON ON LITYT CI0°LT JeoorIMy DSOINODUL DISI2PUL]] QBIORYIURIO] nssiaad vwakwy  6¢ ()
8C- QC- SOX SOX L8V LT 8S€°0T JedoRqR] DANIUD DIODIY QBIORYIURIO] nssiaad vwakwy  6¢ ()
60 T8 ON ON 8EH'€T wyLT Jeooepurdes sn110f1210 U0L4302]y QBIORYIURIOT 11dip20x2 PUDISAT 6 ()
0¢- Sz ON ON G6561 G066 oeadeurenydorog 1j12y211u D]y dowaLsy QBIORYIURIO] pSoOInovAIU DKWY  6€ ()
6¢- QC- SOX ON 99¢°61 7ST°ST Qeodeqeq pjj{ydodivy v1ovoy JBIORYIUBIO] nuapwl vwakWy  6€ ()
S1'6C- LT SOX SR ¥19°L1 LT JedoeqR] DANIUD DIODIY QBIORYIURIO] nuapiout pudliy 6§ ()
0¢- Sz ON ON €0°ST $€0°11 eooeue[nydoiog vijofisuo] vjiydowa.rsy QBIORYIURIOT psojnovAIu Duakuy ¢ ()
6C- LT ON SOX Tyl 1418, 9eooeue[nydorog 1j12y211u v]1Yy dowaLsy QBIORYIURIOT p1jofivaul] puvis{] 6
v6'8C- LT SOX SOX 91L°81 $S€°0T JedoeqR] “dds v1ovoy QBaORYIURIOT nssiaad vwakwy ¢ ()
2.0 IO.¢ SN SN
el el Suxy-N  AIOMUIjA Apuue, 1SOH sa10ads 1SOH A, Q03193 SIIA sa10ads QOIQ[ISIIA NS JY
Q0JNISIIN  1SOH JSOH QO03IQ[ISTA

96



Chapter 2 — Global analysis of N and water in mistletoe-host pairs

References (Table S1)

Bannister, P. (1989) Nitrogen concentration and mimicry in some New Zealand mistletoes.
Oecologia, 79, 128-132.

Bannister, P. & Strong, G.L. (2001) The distribution and population structure of the temperate
mistletoe lleostylus micranthus in the Northern Cemetery, Dunedin, New Zealand.
New Zealand journal of botany, 39, 225-233.

Bowie, M. & Ward, D. (2004) Water and nutrient status of the mistletoe Plicosepalus acaciae
parasitic on isolated Negev Desert populations of Acacia raddiana differing in level of
mortality. Journal of Arid Environments, 56, 487-508.

Canyon, D. & Hill, C. (1997) Mistletoe host-resemblance: A study of herbivory, nitrogen and
moisture in two Australian mistletoes and their host trees. Australian Journal of
Ecology, 22, 395-403.

Ehleringer, J., Ullmann, I., Lange, O., Farquhar, G., Cowan, 1., Schulze, E.-D. & Ziegler, H.
(1986) Mistletoes: a hypothesis concerning morphological and chemical avoidance of
herbivory. Oecologia, 70, 234-237.

Ehleringer, J.R., Cook, C.S. & Tieszen, L.L. (1986) Comparative water use and nitrogen
relationships in a mistletoe and its host. Oecologia, 68, 279-284.

Ehleringer, J.R. & Schulze, E.D. (1985) Mineral concentrations in an autoparasitic
Phoradendron californicum growing on a parasitic P. californicum and its host,
Cercidium floridum. American Journal of Botany, 72, 568-571.

El-Sharkawy, M.A., Cock, J.H. & Hernandez, A.D.P. (1986) Differential response of stomata
to air humidity in the parasitic mistletoe (Phthirusa pyrifolia) and its host, mandarin

orange (Citrus resitulata). Photosynthesis Research, 9, 333-343.

97



Chapter 2 — Global analysis of N and water in mistletoe-host pairs

Glatzel, G. (1983) Mineral nutrition and water relations of hemiparasitic mistletoes: a
question of partitioning. Experiments with Loranthus europaeus on Quercus petraea
and Quercus robur. Oecologia, 56, 193-201.

Karunaichamy, K., Paliwal, K. & Arp, P. (1999) Biomass and nutrient dynamics of mistletoe
(Dendrophthoe falcata) and neem (Azadirachta indica) seedlings. Current Science,
76, 840-842.

Kiippers, M. (1992) Carbon discrimination, water-use efficiency, nitrogen and phosphorus
nutrition of the host/mistletoe pair Eucalyptus behriana F. Muell and Amyema
miquelii (Lehm. ex Miq.) Tiegh. at permanently low plant water status in the field.
Trees-Structure and Function, 7, 8-11.

Lamont, B.B. & Southall, K.J. (1982) Distribution of mineral nutrients between the mistletoe,
Amyema preissii, and its host, Acacia acuminata. Annals of Botany, 49, 721-725.

Logan, B.A., Huhn, E. & Tissue, D.T. (2008) Photosynthetic characteristics of eastern dwarf
mistletoe (Arceuthobium pusillum Peck) and its effects on the needles of host white
spruce (Picea glauca [Moench] Voss). Plant Biology, 4, 740-745.

Liittge, U., Haridasan, M., Fernandes, G.W., de Mattos, E.A., Trimborn, P., Franco, A.C.,
Caldas, L.S. & Ziegler, H. (1998) Photosynthesis of mistletoes in relation to their
hosts at various sites in tropical Brazil. Trees-Structure and Function, 12, 167-174.

Marshall, J., Ehleringer, J., Schulze, E.D. & Farquhar, G. (1994) Carbon isotope composition,
gas exchange and heterotrophy in Australian mistletoes. Functional Ecology, 8, 23'7-
241.

Marshall, J.D., Dawson, T.E. & Ehleringer, J.R. (1993) Gender-Related Differences in Gas-
Exchange Are Not Related to Host Quality in the Xylem-Tapping Mistletoe,

Phoradendron juniperinum (Viscaceae). American Journal of Botany, 80, 641-645.

98



Chapter 2 — Global analysis of N and water in mistletoe-host pairs

Orozco, A., Rada, F., Azocar, A. & Goldstein, G. (1990) How does a mistletoe affect the
water, nitrogen and carbon balance of two mangrove ecosystem species? Plant, Cell &
Environment, 13, 941-947.

Panvini, A.D. & Eickmeier, W.G. (1993) Nutrient and water relations of the mistletoe
Phoradendron leucarpum (Viscaceae): how tightly are they integrated? American
Journal of Botany, 80, 872-878.

Reblin, J.S., Logan, B.A. & Tissue, D.T. (2006) Impact of eastern dwarf mistletoe
(Arceuthobium pusillum) infection on the needles of red spruce (Picea rubens) and
white spruce (Picea glauca): oxygen exchange, morphology and composition. Tree
Physiology, 26, 1325-1332.

Richter, A., Popp, M., Mensen, R., Stewart, G. & Willert, D. (1995) Heterotrophic carbon
gain of the parasitic angiosperm Tapinanthus oleifolius. Functional Plant Biology, 22,
537-544.

Scalon, M., Haridasan, M. & Franco, A. (2013) A comparative study of aluminium and
nutrient concentrations in mistletoes on aluminium-accumulating and non-
accumulating hosts. Plant Biology, 15, 851-857.

Schulze, E.D., Lange, O., Ziegler, H. & Gebauer, G. (1991) Carbon and nitrogen isotope
ratios of mistletoes growing on nitrogen and non-nitrogen fixing hosts and on CAM
plants in the Namib desert confirm partial heterotrophy. Oecologia, 88, 457-462.

Tennakoon, K.U., Chak, W.H. & Bolin, J.F. (2011) Nutritional and isotopic relationships of
selected Bornean tropical mistletoe-host associations in Brunei Darussalam.
Functional Plant Biology, 38, 505-513.

Tiire, C., Bociik, H. & Asan, Z. (2010) Nutritional relationships between hemi-parasitic

mistletoe and some of its deciduous hosts in different habitats. Biologia, 65, 859-867.

99



Chapter 2 — Global analysis of N and water in mistletoe-host pairs

Ullmann, 1., Lange, O., Ziegler, H., Ehleringer, J., Schulze, E.D. & Cowan, 1. (1985) Diurnal
courses of leaf conductance and transpiration of mistletoes and their hosts in Central
Australia. Oecologia, 67, 577-587.

Wang, L., Kgope, B., D’Odorico, P. & Macko, S.A. (2008) Carbon and nitrogen parasitism
by a xylem-tapping mistletoe (Tapinanthus oleifolius) along the Kalahari Transect: a

stable isotope study. African Journal of Ecology, 46, 540-546.

100



Table S2. Climatic variables of sites from which mistletoes-hosts pair data was collected:
elevation, moisture index (MI), annual evapotranspiration (PET), mean annual temperature

(MAT), mean annual precipitation (MAP). References for sites as in Table S1.

Chapter 2 — Global analysis of N and water in mistletoe-host pairs

Site Country Latitude Longitude  Elevation MI PET MAT MAP
1 New Zealand 45°50'S 170°33'E 455 0.95 656 9.0 621.5
2 New Zealand 45°18'S 170°30'E 454 0.67 663 8.4 441.5
3 New Zealand 45°18'S 168°10'E 1410 260 665 6.6 1732
4 New Zealand 43°10'S 171°41'E 1719 377 716 6.2 2702.2
6 Australia 31°24'S 136°46'E 101 0.15 1314 18.0 203.3
7 Australia 32°80'S 142°50'E 61 021 1288 18.4 266.1
8 Australia 25°40'S 131°90'E 500 0.17 1516  20.0 264.6
9 Australia 26°46'S 134°20'E 305 0.14 1527  20.8 2134
10 Australia 19°60'S 139°00'E 281 0.28 1691 25.4 473.9
11 Australia 20°73'S 139°50'E 366 026 1660 239 436.6
12 Australia 19°15'S 146°45'E 47 090 1488 233 1346.8
13 USA 40°21'N 112°36'W 1576 035 1137 9.6 394
14 Colombia 03°25'N 76°35'W 989 1.08 1358 245 1472.8
15 Austria 48°12'N 16°22'E 343 090 708 9.5 641.3
16 Australia 31°41'S 116°30'E 197 0.91 105 15.6 960.9
17 USA 37°00'N 112°00'W 1538 025 1223 10.0 305.5
18 Venezuela 10°48'N 68°19'W 17 0.74 1570  25.1 1157.3
19 Namibia 22°50'S 16°45'E 1525 0.18 1700  20.3 3114
20 Israel 31°15'N 34°48'E 156 0.11 1458 19.8 158.2
21 Australia 19°00'S 146°46'E 5 091 1486 233 1346.8
22 Australia 37°50'S 144°50'E 516 0.69 932 13.0 649.8
23 USA 36°10'00"N  86°47'00"W 174 1.20 1065 14.5 1279.2
24 USA 43.766° N 69.312°W 5 1.52 763 7.7 1161.2
25 USA 43.855° N 69.559° W 5 149 768 7.7 1148.5
26 Namibia 26°50'S 17°45'E 1099 0.06 1623 19.2 100.3
27 Borneo 04°52'N 115°00'E 532 209 1542 262  3230.6
28 Turkey 39°50'N 30°30'E 1280 0.59 1043 9.1 619
29 Botswana 24°17'S 21°89'E 1117 021 1619  20.7 340.8
30 Botswana 21°65'S 21°81E 1129 025 1628  21.3 4154
31 Botswana 19°93'S 23°59'E 945 028 1658 229 463.9
32 USA 43°47'N 69°40'W 5 1.50 768 7.7 1155.2
33 USA 34°57N 114°25'W 867 0.12 1557 19.8 195
34 India 09°55'N 78°10'E 94 0.62 1532 278 954.5
35 Brazil 15°47'S 47°55'W 999 1.09 1409 21.6 1539.2
36 Australia 12°30’S 130°45°E 5 099 1688  27.6 1668.6
37 Australia 33.63’S 151.26’E 148 1.17 1079 17.3 1266.6
38 Australia 30°35'S 143°17'E 180 0.20 1454 19.8 293.6
39 Australia 32.78’S 137.66’E 135 022 1256 17.9 277.9
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Chapter 3

Photosynthetic trait adaptations of parasitic mistletoes and their

hosts in sites of contrasting aridity
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Abstract

It has been argued that xylem-tapping mistletoes have little ability to regulate their use of
water, even when parasitising host plants under water stress. We investigated key
photosynthetic traits, including leaf nutrient concentration, gas exchange measurements, leaf
dark respiration, and specific leaf area (SLA), in 42 mistletoe-host species-pairs sampled from
five sites of contrasting aridity located in Australia and Brazil. We proposed two different
extreme scenarios as expectations: one in which mistletoes would show very relaxed selective
pressure to optimise water use, exhibiting no adaptive trait in response to increasing aridity;
and other, where we would find exactly the similar trait responses as seen in their hosts. Our
results generally agreed with our second scenario. Both hosts and mistletoes displayed
expected key trends in relation to site aridity, i.e., strong control over water loss, high leaf
nitrogen (N) and phosphorus (P) concentrations per unit leaf area, and low mean SLA.
Nevertheless, mistletoes are profligate water users compared to their hosts and showed
substantially less efficient use of water in photosynthesis (and higher c;: ca) across all
different sites. Mistletoes also had far higher dark respiration rates for a given photosynthetic
capacity, presumably related to the considerable costs associated with maintaining higher
osmolarity in leaf tissues than in hosts, to guarantee reliable water flow from the host xylem.
We also suggest an alternative for the N-parasitism hypothesis, considering that P might be
required in large concentrations and possibly driving, at least partly, the high transpiration
rates of mistletoes. Despite fundamental differences in photosynthetic traits, mistletoes
regulate the use of resources, exhibiting trait responses in parallel and to the same extent as

host species to increasing aridity.

Key words: Carbon gain, nitrogen, phosphorus, dark respiration, hemiparasites
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Introduction

Mistletoes are photosynthetic hemi-parasitic plants that attach via a modified root
(haustorium) to the xylem stream of their host, from where they access all the water and
nutrients they need to survive (Glatzel & Geils 2009). By not needing to invest in roots, the
energetic per-unit costs for acquiring water and nitrogen should be presumably very low in
mistletoes; at least, far lower than that experienced by their hosts. By contrast, presumably
mistletoes and hosts suffer similar per-unit costs for nitrogen maintenance, since there is no
reason to believe that they differ in the need to continually break down and resynthesise
nitrogen-rich compounds, such as Rubisco. This “protein turnover” process amounts to quite a
considerable respiration cost to plants (De Vries 1975). Thus, considering both the acquisition
and maintenance costs of water and nitrogen, one might argue that nitrogen is relatively
cheaper for mistletoes than for their hosts, while water is especially cheap, or perhaps almost
negligible. The difference between relative costs for water and nitrogen should have
implications for the manner in which they use these resources during photosynthesis (Bloom,
Chapin III & Mooney 1985; Wright, Reich & Westoby 2003), and reasonably then, on how
this manner varies with site properties, such as increasing aridity.

For non-parasitic species there is an extensive literature demonstrating that plants
show more conservative water-use strategies at more arid sites. For example, in the short term
(e.g., minutes to hours to days), photosynthetic carbon gain can be maximised in relation to
transpirational water loss via modifying stomatal behaviour in relation to atmospheric
humidity (Farquhar & Sharkey 1982; Schulze & Hall 1982; Farquhar, Ehleringer & Hubick
1989). On longer (ecological) time-scales, we might instead focus on functional traits
differences among species and the manner in which these traits vary with site aridity.

From this view point, two of the most striking leaf-level adaptations to higher aridity

in woody plants are: (1) species from arid habitats tend to have thick leaves with low specific
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leaf area (SLA, the ratio of leaf area per dry mass) (Niinemets 2001; Wright et al. 2004); and
(2) they tend to deploy leaves with high nitrogen concentration per area (Narea) (Field, Merino
& Mooney 1983; Cunningham, Summerhayes & Westoby 1999; Wright et al. 2004). The
increase in Narea 1s generally associated with greater CO, drawdown during photosynthesis
(i.e., lower intercellular CO> concentration - ¢;), meaning that plants can achieve a given
carbon assimilation rate (Aarea) With a lower stomatal conductance to both CO» and water (gs),
thus economising on water use (Wright, Reich & Westoby 2001; Prentice et al. 2011).

Mistletoes are well known to be profligate users of water (Ehleringer, Cook & Tieszen
1986; Marshall & Ehleringer 1990; Marshall, Dawson & Ehleringer 1994). They usually
exhibit higher transpiration rates and gs than their hosts, and achieve lower Aurea, resulting in a
very low water use efficiency (the ratio of Aurea to transpiration; Ullmann et al. 1985; Escher
et al. 2004; Glatzel & Geils 2009). Various hypotheses have been proposed to explain this
pattern. The most recognized one is the ‘N-parasitism hypothesis’ (Schulze, Turner & Glatzel
1984), which posits that mistletoes are most strongly limited by access to nitrogen, hence they
operate at very high transpiration rates in order to acquire sufficient N from the host xylem
stream. Following a similar principle is the C-parasitism hypothesis (Marshall & Ehleringer
1990), based on reports of partial heterotrophy (i.e., part of the carbon in the mistletoes is
actually transferred from the host xylem, in the form of amino acids; Marshall & Ehleringer
1990; Schulze et al. 1991; Marshall et al. 1994). The C-parasitism hypothesis predicts that
higher transpiration rates would be necessary, not only to acquire N, but also to obtain
heterotrophic carbon.

A complementary question to this scenario is the degree to which mistletoes do or do
not show stomatal responses to varying atmospheric humidity. Early work suggested that
mistletoes simply lacked stomatal control (Vareschi & Pannier 1953), or perhaps showed only

limited control, even under extreme drought condition (Schulze, Turner & Glatzel 1984;
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Marshall et al. 1994; Escher et al. 2008). By contrast, other studies showed close coordination
of host and mistletoe stomatal behaviour during the day, suggesting that the unrestricted water
use by the parasite could represent a disadvantage, especially if the host is severely affected
(Ullmann et al. 1985, Davidson, 1992 #7971; Whittington & Sinclair 1988; Davidson, True &
Pate 1989; Goldstein et al. 1989; Bowie & Ward 2004).

These contrasting responses raise questions of what sort of trait adaptations mistletoes
show in relation to site aridity, and how similar or different these responses are to that of their
hosts. Broadly speaking, there were two extreme scenarios to consider: (1) Mistletoes would
show little or no apparent adaptation to aridity; or (2) Mistletoes would show similar
adaptations to aridity as their hosts. The first scenario might be possible if water is indeed
essentially free for mistletoes, meaning that they experience little or no evolutionary selective
pressure to optimize the water use; or, alternatively, if rampant water use is so fundamentally
important to the mistletoe lifestyle (i.e., N- or C- parasitism hypotheses) that this dominates
over other selective pressures. The second scenario might be possible if, evolutionarily
speaking, the most successful parasite strategy is to be frugal with water and thus, minimally
detrimental to hosts. Indeed, universal parasitic theories suggest that, for obligatory parasites,
there should be a balance of the virulence (i.e., the decrease of host’s fitness) to avoid host
death and maintain the parasite alive for longer periods of time (Levin & Pimentel 1981;
Anderson & May 1982). Finally, a third scenario is also possible in which mistletoes would
exhibit some degree of adaptation to aridity, but noticeably dampened responses compared to
that seen in hosts because of possible relaxed selective pressure to use water more efficiently
(Stewart & Press 1990).

We explored these issues using a comparative, multi-species framework. We sampled
42 mistletoe-host pairs across four sites in Australia and one in Brazil that varied widely in

moisture index (ratio of annual precipitation to potential evapotranspiration). We also used
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this opportunity to test for general trait differences between mistletoes and hosts across all
pairs and among sites. Based especially on previous results for Australian sclerophyllous trees
and shrubs in New South Wales (Wright et al 2001), but also on references given above, our
expectations for host plants were that species at more arid sites would have:

(1) Higher Narea (achieved either via lower SLA or via higher Niass), and therefore:

(2) Lower ratio of leaf internal to external CO2 (¢i: ca); and therefore, lower stomatal

conductance gs at a given photosynthetic capacity Aarea.

(3) Higher average dark respiration rate Rarea, but especially higher Ruea at a given

Aarea (i.€., higher respiratory costs of operating at drier sites).

(4) Higher leaf phosphorous per area (Parea).

In relation to mistletoes, under the first scenario described above, in which water
should be almost free for mistletoes, we would expect no systematic responses in these traits
in relation to site aridity. Under the second scenario, where the balance of virulence is
important, mistletoes would show these same trait differences in relation to site aridity, in
parallel — and to the same extent — to what was seen in host species. Finally, in general,
whether responding strongly or not at all to aridity - or somewhere in between -, we also
expected that mistletoes, being profligate water users, would operate at higher c; : ca compared
to their hosts and thus, at higher gs for a given Aawea (using more water per unit of

photosynthetically-fixed carbon); and, possibly, at higher gs, absolutely.

Material and Methods

Our dataset is composed of 42 mistletoes found in different hosts from a variety of families,
spanning a range of ecological and phylogenetic levels. The sites were chosen based on the

abundance of mistletoe-host (M-H) pairs and the contrasting vegetation type, annual
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precipitation and moisture index (MI). Geographical coordinates were used to retrieve the
mean annual temperature (MAT) and mean annual precipitation (MAP) from the CRU CL2.0
global climate dataset (New et al. 2002). Potential evapotranspiration (PET) was estimated
following Wang, Prentice and Ni (2012) and moisture index was calculated as the ratio
between MAP and PET (Wang, Prentice & Ni 2012). For analyses, the sites were divided into
dry MI < 0.3) and wet (MI > 0.7) sites. Table 1 shows the study sites representing different
environmental conditions, with the distinct climate properties. The number of species sampled
varied between sites according to the availability of mistletoe-host pairs in the area. In each

site, four to six individuals of 6-12 mistletoe-host pairs were sampled (Table 2).

Sites descriptions

Australian Savanna: The site was located in Howard Springs National Park, approximately 35
km southeast of Darwin in Northern Territory, Australia (130°45°E, 12°30’S). It consists of a
typical tropical savanna with markedly seasonality, whereas 95% of the 1750 mm mean
annual rainfall is restricted to the wet season (December to March; Williams ef al. 1997). The
soil in the area is well-drained, highly weathered, laterised and low in nutrient status (Hutley,
O'grady & Eamus 2000). The vegetation in the study site consists of open-forest dominated
by Eucalyptus tetrodonta (F. Muell.) and Eucalyptus miniata (Cunn. Ex Schauer) dominant
open-forest, and an understory of small trees, shrubs and C4 grasses. Mistletoes in the site

tend to occur in the most abundant species (listed in Table 2).

Cerrado (Brazilian Savanna): The site is located in the Natural Reserve of the Roncador
belonging to the Brazilian Institute of Geography and Statistics (RECOR/IBGE), 35km south
of Brasilia-DF, Brazil (47°53'W, 15°56'S) and part of the Environmental Protection Area

Gama-Cabeca de Veado, with a total of 10,000 hectares of continuous protected area. The
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savanna of central Brazil is the most diverse savanna in the world in terms of floristic
composition (Solbrig 1996), and considered a biodiversity hotspot for conservation (Myers et
al. 2000). Soil nutrient availability usually limits tree growth and density, mainly because of
the low availability of P and Ca (Silva et al. 2013) associated with high soil acidity (pH
around 5.5), high Al availability (Haridasan 2001) and fire disturbance (Eiten 1972). The
average annual precipitation in this area is approximately 1500 mm with a pronounced dry
season from May through September and a mean annual temperature that ranges from 20 to
26°C (Oliveira-Filho et al. 1989). The predominant soils are deep and well-drained Oxisols,

but hydromorphic soils also occur associated with watercourses (Dantas & Batalha, 2011).

Australian closed woodland: The two different sites are located in distinct parks around
Sydney area (New South Wales): Ku-ring-gai National Park (33°63’S, 151°26’E) and Royal

National Park (34°17°S, 151°05’E). Although our samples are spread into the two different
sites, the climatic variables are similar, both sites vegetation are dominated by evergreen
trees, and the sandstone soils are characterized by extreme low nutrient content. In Royal NP,
the site is located on a sheltered sandstone slope and the vegetation is dominated by red gum
(Angophora costata) together with a eucalypt woodland community (NPWS 2000; Tozer et
al. 2010). The site in Ku-ring-gai NP is also located in a sheltered sandstone and the
vegetation is dominated by eucalypts species, specially forest grey box (Eucalyptus
moluccana), spotted gum (Eucalyptus maculata), and scribbly gum (Eucalyptus

haemastoma), classified as a low eucalypt woodland (NPWS 2002).

Australian chenopod shrubland: We sampled M-H pairs located in Whyalla National park
and around the area of the park, ~ 10km north of Whyalla, South Australia (32°94’S,

137°53’E). The vegetation consists of a chenopod shrubland dominated by bladder saltbush
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(Atriplex vesicaria) and pearl bluebush (Maireana sedifolia) with scattered trees, such as
western myall trees (Acacia papyrocarpa) and sugarwood (Myoporum platycarpum), which
are potential hosts for the mistletoes species. The climate is semi-arid, averaging 300 clear
and sunny days per year (NPWS 1998), and the soils are deep and stratified (Jessup & Wright

1971). The soils of the areas we sampled are classified as clay sand soils.

Australian semi-arid woodland: The site was located at Gundabooka National Park, north-
western New South Wales (30°42’S, 145°56’E), and approximately 50 km south of Bourke.
The climate of the region is semi-arid, with very low annual rainfall and high temperatures in
summer (NPWS 2005). The vegetation consists of an open woodland community dominated
by mulga shrubs (Acacia aneura), ironwood (Acacia excelsa) and leopardwood (Flindersia
maculosa). The region has been severely impacted by feral goats grazing (Russell, Letnic &
Fleming 2011), and now the park has a high abundance of less palatable shrubs, such as
Eremophila, Senna and Dodonea species (NPWS 2005). Mistletoes in the area occur at a very

high density and parasitizing most of the dominant species.
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Table 1. Site locations and climates. Mean annual precipitation (MAP) and mean annual

temperatures (MAT) were obtained from the CRU CL2.0 global gridded dataset (New et al.

2002). Mean annual evapotranspiration (PET) was estimated following Wang, Prentice and Ni

(2012) and moisture index was calculated as the ratio between MAP and PET.

Site Location Coordinates MAT (°C) MI* MAP PET
vegetation (Min-Max) (mm) (mm)
Close Ku-ring-gai NP 33°63’S 17.2 0.95 1267 1331
woodland  Royal NP 151°26’E (13.7-21.7)
(Sydney, NSW, 34°17°S
Australia) 151°05’E
Chenopod  Whyalla Park 32°94°S 17.9 0.19 278 1465
shrubland  (Whyalla, SA, 137°53’E (11.4-23.7)
Australia)
Savanna 1  Howard Springs 12°30°S 27.6 0.78 1669 2147
(Darwin, NT, 130°45°E (23.2-32.0)
Australia)
Semi-arid  Gundabooka NP 30°42’S 19.8 0.15 294 1888
woodland  (Bourke, NSW, 145°56’E (13.1-28.0)
Australia)
Savanna 2  IBGE Ecological 15°55°S 25.8 1.03 1478 1434
Reserve 47°51E (14.4-31.2)
(Brasilia, DF,
Brazil)

*MI = MAP/PET
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Table 2. List of the studied mistletoe-host pairs species at each site location.

Site Mistletoe Host Host Family
Closed Muellerina eucalyptoides Eucalyptus hemastoma Myrtaceae
woodland Muellerina eucalyptoides Eucalyptus moluccana Myrtaceae
(Sydney) Muellerina eucalyptoides Eucalyptus spp. Myrtaceae
n=6 Amyema congener Allocasuarina littoralis Casuarinaceae
Dendrophtoe vitellina Eucalyptus sp. Myrtaceae
Dendrophtoe vitellina Angophora costata Myrtaceae
Chenopod Amyema quandang Acacia papyrocarpa Fabaceae
shrubland Lysiana exocarpii Eremophila longifolia Scrophuliaceae
(Whyalla) Lysiana exocarpii Acacia sp. Fabaceae
n=8 Lysiana exocarpii Pittosporum angustifolium  Pittosporaceae
Lysiana exocarpii Myoporum platycarpum Scrophuliaceae
Amyema miraculosa Myoporum platycarpum Scrophuliaceae
Amyema presii Acacia victoriae Fabaceae
Lysiana exocarpii Santalum acuminatum Santalaceae
Savanna 1 Amyema sanguinea Corymbia porrecta Myrtaceae
(Darwin) Amyema sanguinea Eucalyptus miniata Myrtaceae
n=7 Amyema sanguinea Eucalyptus tetrodonta Myrtaceae
Amyema sanguinea Corymbia blesseri Myrtaceae
Amyema miquelli Eucalyptus miniata Myrtaceae
Dendrophthoe odontocalyx  Grevillea pteridifolia Proteaceae
Decaisnina signata Xanthostemon paradoxus Myrtaceae
Semi-arid Amyema miraculosa Eremophila longifolia Scrophuliaceae
woodland Amyema miraculosa Myoporum platycarpum Scrophuliaceae
(Bourke) Amyema miraculosa Eremophila mitchellii Scrophuliaceae
n=12 Lysiana exocarpi Alectryon oleifolius Sapindaceae
Amyema lucasii Flindersia maculosa Rutaceae
Amyema preissii Acacia aneura Fabaceae
Amyema preissii Senna eremophila Fabaceae
Amyema preissii Flindersia maculosa Rutaceae
Amyema mandeinii Acacia harpophylla Fabaceae
Amyema mandeinii Acacia aneura Fabaceae
Lysiana linearifolia Eremophila mitchellii Scrophuliaceae
Lysiana exocarpi Acacia aneura Fabaceae
Savanna 2 Phoradendron sp. Miconia albicans Melastomataceae
(Brasilia) Struthanthus polyanthus Miconia albicans Melastomataceae
n=9 Psittacanthus robustus Miconia albicans Melastomataceae
Phthirusa ovata Miconia albicans Melastomataceae
Psittacanthus robustus Qualea grandiflora Vochysiaceae
Psittacanthus robustus Qualea parviflora Vochysiaceae
Psittacanthus robustus Qualea multiflora Vochysiaceae
Phthirusa ovata Dalbergia miscolobium Fabaceae
Phthirusa ovata Styrax ferrugineus Styracaceae
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Traits measurement

In the field, we measured photosynthetic rate (Amax), stomata conductance (gs), and
transpiration rates (E) simultaneously at saturating light intensity, using portable infra-red gas
analysis systems, either a Licor 6400 (Australian sites) or a LCpro (Brazilian site). After a
maximum period of 6 hours, dark respiration was measured in the laboratory in detached
branches that were maintained watered in a cooler at 25 °C when possible, or measured at
between 26.8 and 35.1 °C, with these measurements transformed to 25 °C using the formula

for temperature dependence of R described by Atkin, Bruhn and Tjoelker (2005):

R> =R {3.09 = 0.0435 [(T2+ T1) / 2]e [T, TP/ 10] Egn 1

where R and T are the respiration rate and temperature measured, and R> and 7> are the
respiration rate and temperature of interest (25 °C), respectively.

In addition, fully expanded mature leaves were collected, scanned and the area was
measured using the software Image J (Abramoff, Magalhdes & Ram 2004). After drying for
72h, the leaves were weighed and the specific leaf area (SLA) was calculated as the ratio
between fresh area and dry mass. The dried leaves were ground and Australian samples were
sent to the Analytical Service Unit from the School of Agriculture and Food Science at The
University of Queensland for N and P determination by LECO TruSpec CHN combustion
analyser and ICP-OES technique, respectively. Brazilian samples were sent to Laboratorio de
Agroquimica e Meio Ambiente at Universidade Estadual de Maringa (PR/Brazil) for N and P
determination by Kjeldahl digestion and UV-Vis spectroscopy, respectively. All trait

measurements were performed in five to seven individuals of each M-H pair.
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Data analyses

All measurements were converted to mass and/or to an area basis for further analysis.
Individual measurements were averaged for each species-pair-site combination, and all data
were log-transformed for the assumption of normality (Kolmogorov-Smirnov test, P < 0.05
for all variables). Because of the intrinsic paired nature of the data, we used paired t-tests to
test for systematic differences between individual traits in mistletoes and their hosts. To test
for individual trait trends in relation to habit (parasite or host) and site aridity (wet or dry) we
used two-way analysis of variance (ANOVA). We also fitted standardized major axis (SMA
slopes to describe bivariate relationships between key traits (gs - Aarea, Rd-area-Aarea) and to
compare the homogeneity and shifts of these relationships between dry and wet sites and
between mistletoes and hosts (Warton et al. 2006). Software R v. 2.13 (R Development Core
Team 2008) was used to perform all statistical analysis, and the package SMATR version 3
(Warton et al. 2012) to test for SMA slopes differences, considering all tests to be significant

when P > 0.05.

Results

Trait patterning with site aridity

Overall, our results generally agreed with our second prediction, that mistletoes exhibited
clear trait adaptations to aridity, in parallel and to the same extent as host species (Figs 1 and
S1, Table 4). In both mistletoes and hosts, species at dry sites had higher Narea and Pagea.
Inspection of boxplots in Figure 1 shows that the higher Naea at dry sites (Fig. 1e) was
achieved both via lower SLA (Fig. 1i) and higher Nuass (Fig. 1d), but in mistletoes more so
via lower SLA (i.e, there was no significant difference in Nmass between dry- and wet-site

mistletoe species, whereas there was in hosts). In both mistletoes and hosts, the higher Parea
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seen in dry-site species (Fig. 1h) was clearly due both to their lower SLA and to their higher
Prass (Fig. 1g).

In both mistletoes and hosts, dry-site species showed greater CO> drawdown during
photosynthesis (lower c;i : ca; Fig. 1¢), in support of the contention that higher Naea is
implicated in decreasing photosynthetic water use. As a result, we expected that species from
dry sites would show lower gs at a given Aurea, but in fact, we found stronger-than-expected
patterning with aridity such that, in both mistletoes and hosts, dry-site species were operating
both at lower gs and at lower Aarea (Figs 1a,f; 2a).

We found no support for the prediction of higher Rq.area at drier sites (Fig. 1b). Instead,
shifts in Ry.area mirrored those in Aarea, Rd-area being significantly lower at dry sites in
mistletoes while, in hosts, the apparent decrease was not supported statistically. Based on
patterns reported by Wright et al (2001), at dry sites, we also predicted higher Ry-area at a

given Aurea; this pattern was also not observed (Fig. 2b).

Trait differences between mistletoes and their hosts

Considering all species, there were several remarkable trait differences between mistletoes
and hosts (Table 3). Mistletoes averaged 1.4-fold lower SLA (paired t-test, P < 0.01), 1.4
times higher Narea (P < 0.01), 2.5-fold higher Parea, 2-fold higher Pmass, 1.5 times higher ¢i: ca
(P <0.01) and 2.4 times higher stomatal conductance (P < 0.001).

Divided by rainfall zone, mistletoes on average showed 1.6-fold (wet sites) and 1.2-
fold higher (dry sites) stomatal conductance at a given Aarea, compared to hosts (differences in
slope elevation both P < 0.001; Fig. 2a). Mistletoes also showed higher respiration relative to
photosynthetic rates, Rq4-area being on average 2.7-fold higher (wet sites) and 1.3-fold higher

(dry sites), for a given Aarea (Fig. 2b). Considered as a ratio, overall, Rg-area : Aarea Was twice as
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high in mistletoes than in hosts (mean + SD: 0.39 + 0.21 versus 0.20 + 0.09; paired t-test, P <
0.001).

These mean trait differences between hosts and mistletoes traits were generally
consistent across sites (Table 3). In each of the studied sites, compared to their hosts,
mistletoes showed higher Narea, Parea, Pmass and gs; lower SLA and Aarea, and similar Ry-area and
Nmass. The few exceptions were at the Cerrado site, where mistletoes showed higher Rq.area; at
Sydney closed woodland, where mistletoes and hosts exhibited similar Nawea and gs; and at

Gundabooka semi-arid woodland, with similar Aaea and gs (Table 3).
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Two-way ANOVA shows an individual significant effect of site (wet or dry) for every
trait studied, and of habit (host or mistletoes) for most of the traits, except Nmass and Ra-area
(Table 4). The effect of the two-way interaction between site and habit was restricted to Aarea,
gs, and leaf P concentration (Parea and Prass), suggesting that increasing aridity atfected
differently mistletoes and hosts for these traits. However, the non-significant interaction
between site and habit for SLA, leaf N concentration (Narea and Nmass) and Rg.area Suggest the
opposite; i.e., plants were affected in similar ways for these traits, irrespectively of being

mistletoe or host.
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Table 4. F-values and P-values for two-way ANOV A on the influence of site moisture zone

(wet or dry) and habit (mistletoe or host) on leaf functional traits.

Trait Source of df F P
variation

Aarea Site 1 11796 <0.001
Habit 1 39.73 < 0.001
Site*Habit 1 13.88 <0.001
Residuals 80

Narea Site 1 45.82 <0.001
Habit 1 10.688 < 0.001
Site*Habit 1 0.644 0.425
Residuals 80

s Site 1 28.05 < 0.001
Habit 1 8.909 0.004
Site*Habit 1 6.610 0.012
Residuals 80

Rarea Site 1 18.56 < 0.001
Habit 1 4.44 0.038
Site*Habit 1 2.175 0.144
Residuals 80

Parea Site 1 45.53 <0.001
Habit 1 46.38 <0.001
Site*Habit 1 16.63 < 0.001
Residuals 80

SLA Site 1 32.131 <0.001
Habit 1 36.943 < 0.001
Site*Habit 1 0.101 0.752
Residuals 80

Niass Site 1 8.698 0.04
Habit 1 0.004 0.953
Site*Habit 1 0.225 0.676
Residuals 80

Prass Site 1 24.783 < 0.001
Habit 1 26911 <0.001
Site*Habit 1 6.855 0.011
Residuals 80
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Discussion

Our overarching question in this research was whether mistletoes exhibited clear
photosynthetic trait adaptations to aridity; and, if so, whether these were similar or dampened
in comparison to those seen in hosts. In order to ask this question we first needed to ascertain
that host species exhibited the key, expected adaptations to site aridity (higher Narea and lower
Ci: Ca), which in fact, they did. As expected, dry-site host species also showed higher Paea and
lower SLA; but, counter to predictions, there was no evidence of higher leaf respiration at dry
sites (absolutely, or relative to photosynthetic rates).

Our overall answer to the overarching question was that mistletoes clearly showed the
same aridity-related shifts in leaf traits as their hosts, and that these shifts were of the same
general magnitude. This trend was demonstrated at a considerable level of generality,
considering 42 species-pairs from five sites on two continents. This finding was unexpected
and divergent from the idea that water must be relatively “free” for mistletoes; in which case,
there should be little selective pressure for them to use it efficiently. Based on previous
studies, we broadly expected to see at least some degree of aridity-adaptations in mistletoes,
but for this to be noticeably dampened compared to what was seen in hosts (as suggested by
Stewart & Press (1990) to be generally true of leafy parasites). Below, we discuss this issue,
the general matter of leaf nutrient adaptations to aridity, and then move on to discuss the
finding that respiration in relation to photosynthesis was twice higher in mistletoes than in

their hosts.

Similar trait adaptation to aridity in mistletoes and hosts

In line with the idea that water is very cheap for mistletoes, here as elsewhere (e.g. Chapter 2)
we found clear evidence that mistletoes are profligate water users compared to their hosts,

overall, at dry and wet sites. This was shown from instantaneous measurements of
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photosynthesis, with mistletoes maintaining generally higher stomatal conductance to water
(gs) and higher c;i : c, at all five study sites (Table 3), and thus presumably also operating with
higher transpiration rates, and lower water use efficiency (ratio of Aarea to transpiration).

It is well understood that mistletoes must generate and maintain lower leaf water
potentials (LWPs) than their hosts (Glatzel 1983; Hollinger 1983; Schulze, Turner & Glatzel
1984; Ehleringer, Cook & Tieszen 1986) to maintain high transpiration rates. The reported
mechanism of how this is achieved is by accumulating great quantities of osmolytes
(Ehleringer, Cook & Tieszen 1986 ) and having succulent fleshy leaves with higher water
storage capacity (Ehleringer, Cook & Tieszen 1986; Whittington & Sinclair 1988; Richter &
Popp 1992; Popp et al. 1995). LWPs in dry-site hosts are presumably lower than in wet-site
hosts, because soil moisture is in shorter supply. The question that then arises is whether
LWPs in dry-site mistletoes are similarly lower, or whether the difference between mistletoes
and hosts in LWP is smaller at dry sites.

Here, we did not investigate LWP, so this question cannot be answered directly, but
we are confident that there was no evidence of dampened response to aridity. Our results
accord with those of Ullmann et al. (1985) who, considering a wide range of mistletoes and
hosts across a transect in central Australia, observed that, while daily average leaf
conductance were uniformly higher in mistletoes, diurnal time courses of stomatal regulation
were seemingly tightly coordinated in mistletoe-host pairs. From our results and from some
complimentary findings elsewhere (e.g., Ullmann et al. (1985); Davidson and Pate (1992);
Whittington and Sinclair (1988); and Bowie and Ward (2004)), we could confirm mistletoes
stomata behaviour is responding to environmental influence. However, we might need to
consider whether these responses can also be mediated by host-induced responses, with
stomatal closure in mistletoes being partially controlled by chemical signals (e.g. ABA)

produced by the host roots, that are then transferred to mistletoes via host xylem. We are
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unable to explore this possibility based on our own work. Nevertheless, we note that there is
evidence against the ABA-mechanism for the mistletoe Viscum album, where Escher et al.

(2008) corroborate the strong control by the mistletoe over the influx of ABA from the host.

Higher Nurea and Parea at arid sites

We found that species from drier sites, whether mistletoes or hosts, had generally 2 times
higher Narea and 2.5 times higher Paea than wet-site species, due both to lower SLA at drier
sites, and generally higher nutrient concentrations per leaf mass. It is reasonably well known
that woody species in arid and high irradiance regions tend to have higher Narea (Mooney,
Ferrar & Slatyer 1978; Cunningham, Summerhayes & Westoby 1999; Reich et al. 1999;
Wright, Reich & Westoby 2001; Farquhar, Buckley & Miller 2002; Wright et al. 2005). As
outlined in the Introduction, this is likely associated with an enhanced ability to drawdown
CO» during photosynthesis (lower c;: ca), and thus, to being more economical in
photosynthetic water use (Wright, Reich & Westoby 2003; Prentice et al. 2014). Note
however, this is not to say that dry-site species necessarily use less water per unit
photosynthetic C fixed than wet-site species; whether or not this is the case depends on the
relative magnitude of the shift in gs versus that in atmospheric VPD, transpiration being a
function of both. What is far less understood, however, is the significance is of higher Parea at
lower rainfall sites — as seen here and previously also in NSW (Wright, Reich & Westoby
2001) and globally for woody species (Wright et al. 2004). In all cases, the higher Paea was
driven both by lower SLA and by higher Ppass.

Leaf phosphorus is found in molecules such as ATP and NADPH. Generally speaking,
higher leaf P enables a higher carboxylation capacity for a given leaf N (Niinemets et al.
1999; Reich, Oleksyn & Wright 2009) and perhaps, simply for this reason, combining higher

leaf P with higher leaf N could consist an advantageous ecological strategy, especially at more
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arid sites, where this would mean losing less water for a given rate of carbon gain. Indeed,
there are reports of a role for leaf P in enhancing water use efficiency but, to our knowledge,
no convincing mechanisms have been suggested, let alone established. For example, in
Quercus ilex forest subjected experimentally to lower soil moisture, leaf Pmass increased, while
P concentration in roots and stems decreased, suggesting that plants were mobilising P
towards leaves, presumably to improve water use efficiency (Sardans & Pefiuelas 2007).
Similarly, in experiments with Eucalyptus grandis it has been shown that P fertilization
enhances growth and water use efficiency for droughted seedlings (Graciano, Guiamét &
Goya 2005), though no mechanism was proposed for this effect. This topic remains little
understood but potentially of very significant interest, especially in semi-arid Australia and
Brazil where P is generally considered the most limiting soil nutrient, and rainfall is low or
seasonally restricted. Our results here serve to illustrate that high Pae, in arid regions may be
an even more general trend than previously suspected, found even in hemi-parasitic
mistletoes.

Moreover, following the N-parasitism hypothesis principles, if there is indeed some
specific limiting nutrient driving the high transpiration rates in mistletoes leaves, it might be
more sensible to consider P as this limiting resource, at least for the systems we investigated.
This inference is not only based on the results we found here, but also our results showed in
Chapter 2, where no general support was found for the N-parasitism globally, and from
Chapter 4, where there was strong evidence that N is not a limiting nutrient, not being

resorbed by mistletoes; while P was at least partially resorbed.

Mistletoes higher respiration costs

In a previous study concerning several dozen woody perennials in NSW, Wright, Reich &

Westoby (2001) showed that dry-site species were incurring higher leaf respiration costs, both
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absolutely and at a given photosynthetic rate. This trend was later generalised to global scale
(Wright et al. 2006), and interpreted as reflecting the higher cost of “doing business” at arid,
high irradiance sites. Mechanisms invoked included higher respiratory costs of repairing UV-
related damage to photosystem II; production of protective pigments, such as xanthophyll;
various costs associated with dealing with photoinhibition; and respiratory costs associated
with maintaining solute gradients, which should be especially important at arid sites (Wright
et al. 2006).

Actually, here we did not find such pattern, with mistletoes and hosts showing lower
Ry-area and lower Aarea at drier sites. Presumably, lower Aurea at drier sites flows both from the
lower g5 together with other factors thought common in arid and semi-arid environments, €.g.
higher leaf-internal CO, diffusion limitations due to thicker and denser leaves, and down-
regulation of photosynthesis, by metabolic impairment (Chaves et al. 2002; Flexas et al.
2004). In general, one would expect lower respiration rates to be paired with lower
photosynthetic rates because major contributors to photosynthesis (and related processes)
have significant respiration costs: e.g. continual turnover of photosynthesis-related proteins
(most notably, but not only Rubisco), and phloem loading of photosynthates. Therefore, on
this basis, our results (lower Ra.area at drier sites) seem to make sense; it is just the discrepancy
with the results from Wright, Reich & Westoby (2001) and (2006) that we are unable to
reconcile.

Putting site aridity aside, the other key result here was that mistletoes showed
considerably higher Ry-area : Aarearatio (averaging 0.39), suggesting 2-fold higher maintenance
costs at a given carbon gain in comparison with their hosts. In fact, mistletoes showed
generally lower Aarea but similar Ry.area to their hosts (Table 3). Various studies have shown
that mistletoes usually show lower photosynthetic rates compared to their hosts (Hollinger

1983; El-Sharkawy, Cock & Hernandez 1986; Orozco et al. 1990; Kiippers 1992; Marshall et
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al. 1994; Flanagan, Marshall & Ehleringer 2006). This lower Aaea may be caused by
differences in mesophyll structure (e.g. undifferentiated mesophyll decreasing mesophyll
conductance; Stewart & Press (1990); Khan et al. (2009); Shahryar, Robabeh & Narges
(2012)), low chlorophyll concentration (Johnson & Choinski 1993; Tuquet & Sallé 1996;
Strong, Bannister & Burritt 2000) and low Rubisco and photosystem II activity (Strong,
Bannister & Burritt 2000; Chen et al. 2013).

However, less well understood is why mistletoes show such high respiration rates for a
given photosynthetic capacity and, indeed, how such this strategy is even feasible; i.e., how it
results in sufficient net carbon gain to support their growth. In relation to how feasible it is,
probably the main possibility is that mistletoes may receive considerable carbon from their
host via the xylem stream, transported as amino acids (Raven 1983; Schulze, Turner &
Glatzel 1984; Marshall & Ehleringer 1990; Marshall ef al. 1994), helping them to achieve an
overall positive carbon balance (Stewart & Press 1990).

Possible factors leading to higher Rg.area at a given Auarea include: (1) heterotrophy
itself, there being energetic costs to using host-derived carbon, as for any carbon C substrates
(Amthor 2000; Thornley & Cannell 2000); and (2) maintenance of large ion gradients
between cellular compartments. Mistletoes have limited sinks and higher nutrient uptake via
haustorium by higher rates of transpiration, and can accumulate disproportional amounts of
some nutrients in their leaves, which can lead to metabolism unbalance. There are reports of
disproportional hyperaccumulation of ions and heavy metals, such as potassium (Lamont &
Southall 1982; Schulze, Turner & Glatzel 1984; Scalon, Haridasan & Franco 2013),
aluminium (Scalon, Haridasan & Franco 2013), and sodium (Goldstein ef al. 1989). Indeed,
dealing with nutrient imbalance might be the one of the most substantial metabolic challenges
for mistletoes. In addition, as outlined above, mistletoes need to maintain lower LWP than

found in host leaves in order to maintain high transpiration rates. Popp et al. (1995) showed
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evidence that increasing leaf succulence of two African mistletoes species was an adaptation
to keep ion concentration at a tolerable level. Moreover, it has been proposed that selective
intake of nitrogen-containing compounds, such as polyols, proline, and glycinebetaine may be
an important advantage for the parasite (Tennakoon & Pate 1996; Frost, Lopez-Gutierrez &
Purrington 2003), because these compounds act as osmoprotectants (i.e., protect the cell from
the consequences of osmotic stress; Neales & Sharkey 1981; Sakamoto & Murata 2002).
Therefore, mistletoes may need to balance between maintaining higher osmolarity, to
guarantee lower water potential and the continuous flow of the host xylem, with the

considerable costs associated with it.

Conclusions

In this study, we focused on adaptations to aridity in mistletoes and their host. Our results
indicate that, even though mistletoes are profligate water users compared to their hosts, they
showed same aridity-related shifts, and of the same general magnitude, in leaf traits as their
hosts. Perhaps in these systems, the high transpiration rates of mistletoes can best be
understood as driven by the need to obtain both carbon and phosphorous from their hosts,
rather than nitrogen. Higher leaf P concentration in mistletoes from dry sites illustrate that
high Paea in arid regions may be an even more general trend than previously suspected,
involved possibly in water saving strategies. Moreover, we discussed the probable trade-off
between mistletoes maintaining higher osmolarity, to guarantee lower water potential and the
continuous flow of the host xylem, with the considerable costs associated with it, resulting in

very high respiration rates for a given photosynthetic capacity.
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Figure 1. Boxplots of traits for mistletoes and hosts in dry (grey boxes) and wet (white boxes)
in area and mass basis: leaf carbon assimilation ratio (Aarea); leaf dark respiration rate (Ry-area);
internal to ambient CO; ratio (c;: ca); nitrogen leaf concentration (Narea and Nmass); stomatal

conductance (gs); phosphorus leaf concentration (Parea and Pmass); and specific leaf area (SLA).

Distinct letters denote significant differences (ANOVA, P < 0.05; Table S1).
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Figure 2. Standardized major axis (SMA) relationships between gs and Ry-area O Agrea for
hosts (squares, continuous line) and mistletoes (circles, dashed lines). (a) Common slopes
fitted within wet sites (filled symbols, MI > 0.7): 0.32 (95% CI 0.25, 0.42), and dry sites
(empty symbols, MI < 0.3): 0.78 (0.67, 0.88); differed in elevation across mistletoes and hosts
(wet/ dry sites: Wald statistic: 68.3/ 30.97; P < 0.001). (b) Common slopes fitted within wet
sites (circles, MI > 0.7): 1.99 (95% CI 1.44, 2.76), and dry sites (squares, MI < 0.3): 0.89
(0.71, 1.11); differed in elevation across mistletoes and hosts (wet/ dry sites: Wald statistic:

33.07/4.52; P < 0.05).
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Abstract

Leaf nutrient resorption — the process of withdrawing leaf nutrients prior to leaf fall —is an
important process that influences nutrient availability and cycling in ecosystems. Mistletoes
have been suggested to be particularly inefficient in nutrient resorption because there is little
selective advantage to be efficient in this respect, acquiring all their nutrients from the host
xylem, thus at relatively low cost. Actually, very few studies have quantified nutrient
resorption in mistletoes. Here we investigated nutrient resorption efficiency and proficiency
patterns in 18 parasitic mistletoes species distributed across three different sites, each one
with notably low P levels in the soil, focusing on nitrogen (N), phosphorus (P) and other
essential macronutrients (potassium —K, calcium —Ca, and magnesium —-Mg). We also
investigated the relationship between nutrient resorption and specific leaf area (SLA) and leaf
lifespan (LL). We did not find evidence for N, Ca or Mg resorption. Only two species showed
N efficiency higher than 25%, while most of the studied species showed no resorption (values
close to 0%). In some species, there was even “negative” resorption, meaning that senesced
leaves were N-enriched compared to recently-mature green leaves (i.e., N accumulated over
leaf life). However, P and K were generally resorbed, with P and K efficiency averaging
~30% and ~20%, respectively. Longer LL was associated with lower N and P concentrations
in senesced leaves, and with lower Nefr. Our findings suggest that, even though mistletoes are
relatively inefficient in terms of nutrient resorption, on low-P soils their ecological and
evolutionary strategies for conserving phosphorous involve modulation of both leaf lifespan
and P concentration in senesced leaves (just as seen in non-mistletoe species). Overall, our
data show that mistletoes (at least in these systems) can reabsorb host-xylem limiting
nutrients, such as P and K, but seemingly do not need to resorb N, providing evidence against
the previous assumption that N would be a limiting nutrient and an important factor driving

mistletoes water use.
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Keywords: nutrient resorption proficiency, nutrient resorption efficiency, specific leaf area,
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Introduction

Nutrient resorption is defined as the process of mobilizing nutrients from old leaves to new
organs in plants (Aerts 1996) and is an important aspect of nutrient conservation, directly
influencing nutrient cycles in ecosystems (Killingbeck 1996). Reducing nutrient losses
potentially reduces the need of acquiring new nutrients, so having higher nutrient resorption
might be especially advantageous in habitats where soil nutrients are especially scarce (Aerts
1999; Aerts & Chapin 1999). In fact, low nutrient concentration in the litter, together with
long leaf lifespan (LL; achieved via low specific leaf area), are considered the main plant
adaptations for enhancing nutrient conservation in infertile habitats (Escudero et al. 1992;
Wright & Westoby 2003; Giisewell 2004). On average, ~62% of leaf N and ~65% of leaf P
are resorbed from leaves before they are shed, although these values can vary substantially
among species (Vergutz et al. 2012; but earlier estimates averaged ~50%, see Aerts 1996;
Yuan & Chen (2009)). Vergutz et al. (2012) also showed that plants resorb very significant
proportions of leaf potassium (K), averaging ~70%, but far less of elements, such as Ca and
Mg, averaging ~11% and ~28%, respectively.

Following Killingbeck (1996), nutrient resorption “efficiency” (Nutefr) is defined here
as the proportion of nutrients withdrawn during senescence considered in relation to their
initial concentration in green leaves, while resorption “proficiency” (Nutsen) is defined as the
final nutrient concentration in senesced leaves (Killingbeck 1996; i.e., species with high
resorption proficiency reduce nutrient concentrations in senesced leaves down to very low
levels). Resorption efficiency reflects the amount of nutrient invested in foliage that was
conserved, summarizing nutrient demand and withdrawal. Nutrient proficiency is known to
significantly vary between species within a single site, but to be the maintained within
species, even between different experimental plots (Wright & Westoby 2003; Hittenschwiler

et al. 2008). Presumably, Nutsen reflects plants biochemical limitations, as well as adaptive
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strategies to minimise nutrient losses (Killingbeck 1996). Therefore, plants from more fertile
soils would probably show lower Nutsen in comparison with species from low nutrient sites,
even though Nuterr does not seem to vary widely across habitat types or fertility gradients
(Aerts 1996; Wright & Westoby 2003).

Nitrogen and phosphorus are commonly assumed to be the most limiting (crucial and
expensive) nutrients of primary production in terrestrial environments (Vitousek & Howarth
1991; Elser et al. 2007; LeBauer & Treseder 2008). Similarly, other key nutrients for plant
growth, such as Ca, K, and Mg may also be expensive to obtain and could influence
ecosystems processes, such as vegetation structure, primary production and nutrient cycling
(Vitousek & Sanford 1986; Vitousek & Howarth 1991; Eviner & Chapin III 2003). Because
nutrients are limiting resources and because trade-offs exist between the energy expended on
acquiring and maintaining nutrients and the energy used for other metabolic purposes, it is
expected that natural selection will drive evolutionary shifts favouring more efficient nutrient
use in plants. Different strategies may be involved in this process, such as optimal differential
accumulation through the canopy (Sands 1995; Niinemets 2007); investment in defence
against herbivory (Mattson 1980; Ohnmeiss & Baldwin 1994); control over the timing of leaf
death (meaning that nutrients can be resorbed prior to losing leaves;Reich ef al. 1991); and
evolutionary “choices” about which compounds in leaves are broken down and withdrawn
during the resorption process, and which are left behind (Wright & Westoby 2003). In
resorption, as in many other key processes, there may be broad differences between evergreen
and deciduous species (i.e., evergreen species show lower N resorption efficiency, and
deciduous species usually have higher leaf N and P concentration), N-fixing and non-fixing
plants (i.e., higher leaf N concentration and lower N resorption efficiency in N-fixing plants),

and phylogenetic trends (Aerts 1996; Killingbeck 1996; Vergutz et al. 2012).
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Parasitic plants, such as xylem-tapping mistletoes, can be found over all different
biomes in the world (Kuijt 1969). Mistletoes do not have a conventional root system; instead,
they develop a connection to their hosts xylem - the haustorium-, through which they can
acquire all required mineral nutrients and water (Calder & Bernhardt 1983). Therefore, the
energetic costs required for nutrient acquisition in mistletoes is supposedly much lower
compared to non-parasitic plants that need to surpass different challenges to access nutrient in
the soils, such as investing largely in carbon allocation to roots, and establishing symbiotic
relationships with N-fixing bacteria. From a mistletoe perspective, the energetic costs of
translocating nutrients from old leaves and making them available for younger leaves could
possibly be higher than simply acquiring more nutrients from the xylem of their hosts. Indeed,
some previous mistletoe resorption studies reported that they did not show evidence of pre-
senescence retrieval of nutrients (Pate, True & Rasins 1991; March & Watson 2007; March &
Watson 2010).

In this chapter, we examined nutrient resorption in mistletoes, using 18 mistletoes
(from 10 different species) growing on 18 different host species and sampled in sites located
in Australia and Brazil. We aimed to (1) quantify nutrient resorption efficiency and
proficiency, focusing on N, P, Ca, Mg and K; (2) investigate the relationship between nutrient
resorption and two key functional traits, leaf lifespan (LL) and specific leaf area (SLA); and
(3) assess differences in resorption between vegetation types. Based on the arguments given
above, we expected that mistletoes would have low levels of nutrient resorption efficiency
and proficiency. We expected to find differences between Australian and Brazilian mistletoes
because of divergent evolutionary histories and distinct nutrient limitations in the soils. In
addition, we also predicted that species with longer leaf lifespans would withdraw nutrients
down to lower levels during resorption (i.e., show high proficiency), as found for Australian

non-parasitic plants (Wright & Westoby 2003).
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Material and Methods

We sampled mistletoes at three different sites across Central Brazil and Australia (Table 1).
All sites were located in National Parks but differed in vegetation type, seasonality and
nutrient availability. A soil sample was collected from the surface layer (0—10 cm) in 4
different locations at each site. At each site, at least five individuals of six different mistletoe-
host species-pairs were sampled (Table 2). Therefore, every mistletoe species on a different

host was considered a different observation unit.
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Table 1. Site locations, climates and soil properties. Mean annual precipitation (MAP) and

mean annual temperatures (MAT) were obtained from the CRU CL2.0 global gridded dataset

(New et al. 2002).

Site Location Coordinates MAT (°C) MAP Total P Total N
vegetation (Min-Max) (mm) (ppm) (%)
Closed Ku-ring-gai  33°63’S 17.2 1266.6 1914 0.079
woodland NP 151°26’E (13.7-21.7) (25.7) (0.012)
Royal NP 34°17°S
(Sydney, 151°05’E
NSW,
Australia)
Savannal Howard 12°30°S 27.6 1668.6 62.6 0.067
Springs 130°45’E (23.2-32.0) (3.1) (0.02)
(Darwin,
NT,
Australia)
Savanna 2 IBGE 15°55°S 25.8 1478.0 207.1 0.140
Ecological  47°51’E (14.4-31.2) (12.3) (0.028)
Reserve
(Brasilia,
DF, Brazil)
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Table 2. Species list of mistletoes used in this study and the host it was parasitising. Leaf

lifespan (LL) data were collected for species in bold.

Site Mistletoe Host Host Family
Closed Muellerina eucalyptoides Eucalyptus hemastoma Myrtaceae
Woodland  Muellerina eucalyptoides Eucalyptus moluccana Myrtaceae
(Sydney) Muellerina eucalyptoides Eucalyptus spp. Myrtaceae
n=6 Amyema congener Allocasuarina littoralis Casuarinaceae
Dendrophtoe vitellina Eucalyptus sp. Myrtaceae
Dendrophtoe vitellina Angophora costata Myrtaceae
Australian ~ Amyema sanguinea Corymbia porrecta Myrtaceae
Savanna Amyema sanguinea Eucalyptus tetrodonta Myrtaceae
(Darwin) Amyema sanguinea Corymbia blesseri Myrtaceae
n=6 Amyema miquelli Eucalyptus miniata Myrtaceae
Dendrophthoe odontocalyx Grevillea pteridifolia Proteaceae
Decaisnina signata Xanthostemon paradoxus Myrtaceae
Brazilian Phthirusa ovata Stryphnodendron adstingens  Fabaceae
Savanna Phthirusa ovata Miconia albicans Melastomataceae
(Brasilia) Psittacanthus robustus Qualea grandiflora Vochysiaceae
n=6 Phoradendron crassifolium  Tapirira guianensis Anacardiaceae
Phthirusa ovata Dalbergia miscolobium Fabaceae
Phthirusa ovata Piptocarpha rotundifolia Compositeae
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Sites descriptions

Australian Savanna: The site is located in Howard Springs National Park, approximately 35
km southeast of Darwin in Northern Territory, Australia (130°45°E, 12°30’S). It consists of
tropical savanna with marked seasonality, where 95% of the 1750 mm mean annual rainfall is
restricted to the wet season (December to March) (Williams ef al. 1997). The soil in the area
is well drained, highly weathered, laterised and low in nutrient (Hutley, O'Grady & Eamus
2000). The vegetation in the study site consists of savanna with a variety of canopy species
but most notably Eucalyptus tetrodonta (F. Muell.) and E. miniata (Cunn. Ex Schauer), and
an understory of small-medium trees and shrubs, and C4 grasses. Mistletoes in the site tend to

occur on the most abundant species (listed in Table 2).

Cerrado (Brazilian Savanna): The site is located in the Natural Reserve of the Roncador
belonging to the Brazilian Institute of Geography and Statistics (RECOR/IBGE), 35km south
of Brasilia-DF, Brazil (47°53'W, 15°56'S) and is part of the Environmental Protection Area
Gama-Cabeca de Veado, with a total of 10,000 hectares of continuous vegetation. The
savanna of central Brazil is the most diverse savanna in the world in terms of floristic
composition (Solbrig 1996), and considered a biodiversity hotspot for conservation (Myers et
al. 2000). Soil nutrient availability usually limits tree growth and density, mainly because of
the low availability of P and Ca (Silva et al. 2013) associated with high soil acidity (pH
around 5.5), high Al availability (Haridasan 2001) and fire disturbance (Eiten 1972). The
average annual precipitation in this area is approximately 1500 mm with a pronounced dry
season from May through September and a mean annual temperature that ranges from 20 to
26°C (Oliveira-Filho et al. 1989). The predominant soils are deep and well drained Oxisols,

but hydromorphic soils also occur associated with watercourses (Dantas & Batalha 2011).
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Australian closed woodland: The two different sites are located in distinct parks around
Sydney area: Ku-ring-gai National Park (33°63’S, 151°26’E) and Royal National Park
(34°17°S, 151°05°E). Both sites are characterized by sandstone soils with extremely low
nutrient content. The Royal NP site is located on a sheltered sandstone slope and the
vegetation is dominated by Angophora costata (smooth-barked apple) together with a
eucalypt woodland community (NPWS 2000; Tozer et al. 2010). The site in Ku-ring-gai
Chase NP is also located on sheltered sandstone and the vegetation is dominated by eucalypt
species, especially forest grey box (Eucalyptus moluccana), spotted gum (Eucalyptus

maculata), and scribbly gum (Eucalyptus haemastoma; NPWS 2002).

Leaf trait measurements

Mature, fully expanded leaves and senesced leaves were collected from 5-7 different
individuals over 1-2 years period at each site, on at least two different occasions. We
classified as senesced the leaves in which an abscission layer was formed so that a gentle
flicking of the branch would remove them.

Leaf samples were scanned and the area was measured using the software Image J
(Abramoff, Magalhdes & Ram 2004). After oven-drying for 72 hours, leaves were weighed
and the specific leaf area (SLA, mm g'') was calculated as the ratio between fresh area and
dry mass. The dried leaves were ground and Australian samples were sent to the Analytical
Service Unit from the School of Agriculture and Food Science at The University of
Queensland for macro and micronutrients determination by combustion and ICP-OES
technique. Total N was measured using a LECO TruSpec CHN combustion analyser. Total P,
K, Ca and Mg were measured using an ICP-OES analyser, following Nitric perchloric acid
digestion. Brazilian samples were sent to Laboratorio de Agroquimica e Meio Ambiente at

Universidade Estadual de Maringa (PR/Brazil) for N and P determination by Kjedahl
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digestion and UV-Vis spectroscopy, respectively. The other nutrients (Ca, Mg, and K) were
determined by atomic absorption spectrometry.

Mass-based concentrations of leaf nutrients do not account for structural changes in
soluble carbon and may underestimate resorption efficiency. Therefore, resorption efficiency
measured on an area basis is preferred because it controls for these structural changes (Chapin
II1, Schulze & Mooney 1990). We calculated resorption efficiency (Nefr and Pesr) as the
proportion of nutrients in senesced leaves relative to the green leaves, on an area basis.
Average N and P concentration in senesced leaves was interpreted as resorption proficiency
(Nsen and Psen) according to Killingbeck (1996).

We also collected data on leaf lifespan (LL) for six of the mistletoes sampled in
Australian closed woodland and three sampled in the Brazilian savannas sites (Table 2). Four
branches of each individual were used to measure LL, based on leaf turnover rates (Wright &
Cannon 2001). All leaves from each branch were sequentially numbered and revisited every
three to four months for at least one complete year (12-18 months). LL was calculated as the
inverse of the mortality rate (number of dead leaves per number of leaves at beginning of

census/ period of time).

Data Analyses

All data were analysed using R software version 3.1.0 (R Development Core Team 2008).
Leaf traits data were log10-transformed for normality assumptions, with the exception of
nutrient proportional efficiency (%) that was deemed normal. All final datasets showed
normal distribution as tested by a Shapiro-Wilk normality test (P > 0.05). We used paired t-
tests to compare between green and senesced leaves and two-way analysis of variance
(ANOVA) to test for effects of leaf age (n = 2 groups: green and senesced; 18 mistletoes per

group) and differences between sites (n = 3 groups: Australian savanna, Australian closed
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woodland, Brazilian savanna; six mistletoes per group). We fitted standardized major axis
(SMA) slopes and used Pearson correlation analysis to explore trait-trait relationships, using
package SMATR version 3.0 (Warton et al. 2012). All statistical tests assumed significance at

P < 0.05. Marginally significant results are also reported when 0.10 > P > 0.05.

Results

N concentration (Nmass) varied six-fold, while Pass varied around four-fold in both green and
senescent leaves among species. On average, leaf Niass concentration increased by around 7%
from green to senesced leaves, while Pmass concentration decreased by 33%. Mistletoes
parasitizing nitrogen-fixing hosts (Dalbergia miscolobium and Stryphnodendron adstringens)
in the Cerrado showed the highest Ngreen (2.8 and 2.5 mg g™) and Nien values (2.8 and 2.7 mg
gh.

Brazilian Cerrado mistletoes showed significantly higher green-leaf and senesced-leaf
Niass and Pmass compared to mistletoes from other sites, while Australian closed woodland
mistletoes showed higher Knass (Table 3, Fig. 1). There were no differences between sites in
mean SLA, Camass and Mgmass across all species (Table 3). Between leaf samples of differing
ages, the only difference detected was in Pmass (Table 3) where, in all sites, Pgreen Was
significantly higher than Psen (Fig. 1 and Fig. S1). There was no interaction between site and

leaf-age for any of the macronutrients or for site and SLA (Table 3).
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Table 3. F-values and P-values for two-way ANOVA on the influence of leaf age and site on

nutrient concentrations and specific leaf area (SLA).

Trait Source of variation df F P

Nmass Leaf age 1 1.240 0.274
Site 2 27.081 <0.001
Leaf Age*Site 2 0.271 0.764
Residuals 30

Prnass Leaf age 1 13.804 < 0.001
Site 2 5.815 0.007
Leaf Age*Site 2 0.590 0.560
Residuals 30

Kimass Leaf age 1 0.948 0.339
Site 2 6.384 0.005
Leaf Age*Site 2 1.175 0.323
Residuals 30

Mgmass  Leaf age 1 0.120 0.731
Site 2 2.446 0.105
Leaf Age*Site 2 1.012 0.377
Residuals 30

Camass  Leaf age 1 1.295 0.265
Site 2 0.193 0.826
Leaf Age*Site 2 0.007 0.993
Residuals 30

SLA Leaf age 1 1.143 0.293
Site 2 1.425 0.256
Leaf Age*Site 2 0.201 0.819
Residuals 30
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By considering green-leaf and senesced-leaf nutrient concentrations on a per-area
basis, we incorporated any age-related changes in SLA when calculating resorption
efficiencies. On average, SLA was 10% (+ 9.29) lower in senesced leaves than in mature
green leaves (paired t-test, P < 0.001). Mean Nefr resorption ranged from -36.6% in Phthirusa
ovata parasitising Stryphnodendron adstingens to 38.7% in Amyema sanguinea parasitising
Eucalyptus tetrodonta among the 18 mistletoe pairs (mean 2.3%). Site means were not
significantly different from zero (ranging from -0.7% to 5.5%), and did not differ from one
another (Fig. 2). Pefr resorption varied from 6.5% to 63.7% among species (mean 28.5%). Pesr
site means were significantly higher than zero, ranging from 17.9% to 34.5% but, again, these
were not significantly different, since there was substantial variation among species within
each site. Generally, Ca accumulated in senesced leaves while K was reabsorbed, averaging -
29.3%, and 19.3% resorption efficiency, respectively (Fig. 2).

SLA was positively correlated with Pgreen for all species together, but not for savanna
sites individually (Table 4). No correlation was found between N or P resorption efficiency or
proficiency and SLA. Ngreen and Pgreen Were positively correlated for all sites combined (Fig.
3), while Ngen and Psen, Netr and Pesr were only marginally significantly correlated (Table 4).
From green leaves to senesced leaves, the N-P relationship shifted: N was generally
maintained constant, while P was lower in senesced leaves, with senesced leaves showing
~1.5 times lower P for a given N (Fig. 3).

In the nine pairs for which LL data were collected, there was a negative relationship
between LL and Ngreen, Pgreen, Nsen and Psen; and a strong negative relationship (r* > 0.60)
between LL and Nefr, but not between LL and Pesr (Table 5, Fig. 4). Leaf lifespan averaged 2.2
years, and it was shorter for the three Brazilian pairs (ranging from 1.3 to 1.7 years) compared

to the six Australian pairs (ranging from 2.0 to 3.3 years).
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Table 4. Pearson correlation between leaf traits (r2 and P-values) at different locations and for

all species considered together. Significant correlations (P < 0.05) are highlighted and the

symbol * represents marginally significant correlations (0.05 < P <0.1).

Trait

Sydney (n=6) Darwin (n=6)

Brazil (n=6) All species (n=18)

Ngreen, Pgreen

Nsen, Psen
Ngreen, SLA
Nisen, SLA
Pgreen, SLA
Psen, SLA
Nett, SLA
Petr, SLA

Nett, Pesr

0.83, 0.011
0.69, 0.040
0.68, 0.04
0.43,0.154
0.78, 0.019
0.08, 0.584
0.47,0.131
0.27,0.289

0.40, 0.176

0.22, 0.352
0.44,0.148
0.37,0.196
0.72, 0.031
0.44,0.148
0.18, 0.401
0.001, 0.934
0.22, 0.354

0.21, 0.355

0.06, 0.639
0.05, 0.677
0.07,0.572
0.04, 0.894
0.21, 0.290
0.08, 0.577
0.27, 0.340
0.15, 0.444

0.12, 0.506

0.52, <0.001

0.17, 0.093*

0.11,0.178
0.10, 0.219
0.29, 0.023
0.04, 0.423
0.05, 0.385

0.12,0.171

0.18, 0.081*
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Table 5. Pearson correlation (72 and P-values) between leaf lifespan and nutrient

concentrations and resorption efficiencies (n = 9).

Trait All species
Ngreen, LL -0.71, 0.004
Nien, LL -0.61, 0.012
Pgre, LL -0.58, 0.018
Psen, LL -0.38, 0.049
Netr, LL -0.69, 0.005
Petr, LL -0.05, 0.571
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Discussion

Nutrient resorption and implications for the N-parasitism hypothesis

Contradicting ideas that N resorption might be important for all plants independent of life-
form (Eckstein, Karlsson & Weih 1999), but in line with previous work on Australian
mistletoes from Amyema genus (Pate, True & Kuo 1991; March & Watson 2010), our study
shows that in fact very little N is resorbed from senesced leaves in mistletoes from Australian
and Brazilian systems. The data presented here is more comprehensive than seen in previous
studies, containing nine genera of mistletoes from three vegetation types on two continents,
thereby providing stronger support for the lack of N resorption in mistletoes. We found very
little evidence of N resorption, restricted only to two species that showed Nefr higher than 25%
(Amyema sanguineae in Eucalyptus tetradonta with 26.8% and Phthirusa ovata in Miconia
albicans with 26.1% Nefr). Most of the studied species showed none (values close to 0%) or
even negative resorption, indicating that senesced leaves of some mistletoes species
accumulate more N before shedding, and are actually N-enriched compared to recently-
matured green leaves (Fig. 1 and Fig. 2).

Despite negligible resorption of N, we found clear evidence of P resorption in
mistletoes (Petf ranging from 6.5% to 63.7% among species, Fig. 2). Many non-parasitic
species are reported to resorb on average 50-60% of the P, coupled with ~50% of N resorption
(Wright & Westoby 2003; Kobe, Lepczyk & Iyer 2005; Vergutz et al. 2012). For mistletoes
in this study, on average, P was more resorbed compared to N. As a result, there was a weaker
relationship between N and P concentration in senesced leaves compared to N and P
concentration in green leaves (Table 4, Fig. 3). Moreover, only a marginally significant
relationship between N and P efficiencies was found (Table 4), suggesting that the resorption

process of those two nutrients is largely decoupled in mistletoes.
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Considering that N was not resorbed, it seems reasonable to imply that nitrogen is not
a limiting nutrient for mistletoes, otherwise selection would have favoured the optimization of
N use, and diminished N loss by efficient N resorption. As demonstrated by Chapin III and
Moilanen (1991) in a manipulative experiment with Alaskan birch, plants growing in
abnormally high nutrient concentration showed very low nutrient resorption efficiency.
Therefore, a lack of N resorption is strong evidence against the N-parasitism hypothesis
suggested by Schulze, Turner and Glatzel (1984) to explain the evolution of the mistletoe
habit. This hypothesis is based on the principle that N is the most limiting nutrient for
mistletoes and, as such, should be the main driver of faster transpiration rates and lower water
use efficiency (i.e., the ratio of carbon gain per unit of water loss) that mistletoes usually
show. Therefore, lower water use efficiency drives xylem flow from host to mistletoes leaves
so that sufficient nitrogen would be acquired. This hypothesis was not supported in a global
scale analysis (Chapter 2), where higher N concentration in the host leaves was not related to
more similar water use efficiency between mistletoes and hosts. Our results here also support
the hypothesis that N is not the most limiting nutrient for mistletoes, or, at least, is not the
nutrient that should be driving transpiration rates.

In relation to the other nutrients, Mg was not significantly resorbed, and mistletoes
showed a high accumulation of Ca from green to senesced leaves (Fig. 2). Ca is generally
conserved in senesced leaves of terrestrial plants because it is a structural element in cell walls
(Van Heerwaarden, Toet & Aerts 2003; but see Vergutz et al. 2012). In contrast, K was
generally resorbed in mistletoes, with Kefr averaging 20% and (ranging from -39.8% to
56.4%, Fig. 2). Nonetheless, 20% K resorption is much lower than the previously reported
average of 70% from a global dataset of resorption rates (Vergutz et al. 2012). In mistletoes,
K is usually found in disproportionally higher concentrations compared to non-parasitic plants

(Lamont & Southall 1982; Schulze, Turner & Glatzel 1984; Scalon, Haridasan & Franco

171



Chapter 4 — Nutrient resorption in mistletoes

2013). It was once suggested that K accumulation could be an active process in mistletoes
(Lamont & Southall 1982) because K* plays an important role as neutralizing anions,
stabilizing pH and osmotic potential, and maintaining the cell turgor and membrane integrity
(Mengel & Arneke 1982; Marschnert, Kirkby & Engels 1997; Amtmann & Rubio 2012).
However, perhaps a more plausible hypothesis is that K accumulates passively due to its high
phloem mobility and the lack of appropriate sinks (Glatzel 1983; Glatzel & Geils 2009). If
passive accumulation is the case, the resorption process of highly mobile ions should be
unnecessary. However, our results show that K is generally resorbed, suggesting that the
higher concentrations of K in mistletoes leaves may be a physiological requirement. Another
possibility to consider, taking into account the relatively low values of Kefr found in this study
is that K is not being actively resorbed, but leached from old leaves through rainfall before
shedding. Concerns over the overestimation of Kesr due to ignorance of the effect of leaching
was previously pointed out by Wang, Wang and Lin (2003) while studying nutrient resorption
of a mangrove species in China, because K is suggested to be one of the inorganic nutrient
leached in greatest quantities (Tukey Jr 1970). On the contrary, organic bounded nutrients,
such as N and P are not readily leached from leaves (Tukey Jr 1970; Chapin III & Moilanen

1991; Aerts & Chapin 1999) and their resorption values are more reliable.

Differences in nutrient economy between mistletoes vs. non-parasitic plants

Non-parasitic plants have two pathways for acquiring nutrients used in producing new tissue:
root uptake and retranslocation from old organs. The unit-cost of acquiring nutrients from the
soil may vary according to site nutrient availability (Bloom, Chapin III & Mooney 1985), so
that if the soil is nutrient deficient, plants are reported to accelerate the senescing process
(Ono, Terashima & Watanabe 1996). As discussed by Wright and Westoby (2003), the

resorption process also has a cost, and the balance between use of soil-derived and resorption-
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derived nutrients should be set by their relative costs. The relative costs not only vary
according to the amount of nutrient, but also depend on the compounds from which they are
derived. For example, N can occur in multiple forms in the soil (nitrate, ammonium and
organic N) and different species can have different preference over one of these forms,
depending on the relative costs to absorb and assimilate it (Atkin 1996; Aerts & Chapin
1999). Similarly, the cost of resorbed nutrients depends on which compounds are broken
down and mobilised during the senescence process (Lambers, Chapin & Pons 1998).
Expanding on this concept, mistletoes also have two nutrient sources: resorption of
nutrients from old organs, or host-derived nutrients (i.e., acquiring nutrients directly from the
host xylem). If nutrients in the host xylem are abundant, the costs of acquiring them should be
very inexpensive compared to resorption-derived nutrients. By contrast, if any nutrient is
found in low concentration in the host xylem and limits mistletoes nutritional requirement,
resorbing it from old leaves might be cheaper than acquiring it from the host. Moreover,
mistletoes face physiological constraints and lack the ability to develop natural strategies seen
in non-parasitic plants to deal with low nutrient concentration, such as allocating more carbon
to expand the root system, associating with symbiotic bacteria or fungi from the soil, or even
modifying the soil environment to enhance nutrient availability (Aerts & Chapin 1999).
Therefore, they are subject to whatever the host plant has to offer, and may have to tolerate
differences in xylem chemistry and deal with nutrient deficiency (Glatzel & Geils 2009). All
sites in this study are commonly considered low-P environments, with low soil nutrient
availability (Table 1). The host plants are adapted to survive in these conditions with low P
requirement, reflecting in very low P leaf concentration in green leaves compared to the
average 1.4 mg g'! from 496 plant species distributed globally and reported by Vergutz et al.
(2012) (P concentration of host plants mature leaves (mean + sd): Australian savanna: 0.5 £

0.18 mg g'!; Australian closed woodland: 0. 4 + 0.07 mg g'!; Cerrado: 0.7 £ 0.15 mg g'!). The
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fact that mistletoes resorb a fair amount of P indicates possible P limitation in the host xylem
in all three different sites. It also shows that mistletoes have the capacity to obtain nutrients
from resorption and would adapt to balance between the two different nutrient sources once
the costs for host-derived nutrients exceeds the resorption nutrient costs. Therefore, our
results suggest that mistletoes growing in low-P environments and parasitising hosts adapted
to deal with very low P availability, might also suffer similar P limitation and the resorption
process may have been favoured by natural selection in these species.

Even though soil fertility or climatic variables were not markedly different among
sites (Table 1), cerrado mistletoes showed higher Nmass and Pmass, and lower leaf lifespan
compared to mistletoes from the other sites. However, there was not a strong pattern of
nutrient resorption related to individual sites, which suggests that environmental differences

did not affect nutrient use and resorption patterns of mistletoes (Table 3, Fig. 2).

Resorption and functional trait relationships

Nutrients can be conserved in the plant biomass by resorption or by extending the time the
plant organs lives (Eckstein, Karlsson & Weih 1999). Therefore, in species with short leaf
longevity, the retranslocation process is very important for nutrient conservation (Jonasson
1989; Aerts & Chapin 1999). However, because of the small variation of leaf nutrient
resorption across species from nutrient-rich and nutrient-poor habitats, leaf longevity is
suggested to be a more important adaptation to lower fertility than the resorption process
itself, as concluded by many studies with different functional types of plants (Escudero et al.
1992; Reich, Walters & Ellsworth 1992; Aerts & Chapin 1999). Moreover, the negative
effects of increasing LL, such as investing heavily on leaves that are more robust with a
longer time to pay off their construction costs, were suggested to be surpassed by its positive

effect on time of nutrient retention in the biomass in a study of woody species in Central
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Spain (Escudero et al. 1992). Indeed, our results show that species with longer LL had lower
nutrient concentrations in senesced leaves (Table 5), suggesting that selection has minimized
nutrient losses in mistletoes both via extending LL and via high nutrient proficiency. The
same relationship between N and P concentration and LL was found in non-parasitic
Australian plants (Wright & Westoby 2003), although these authors did not find a significant
relationship between Negr and LL. In the present study, not only Ngreen and Pgreen, but also Psen,
Nsen and Nefr were negatively correlated with LL for mistletoes, showing that species with
shorter-lived leaves may compensate nutrient losses with higher proportional Negr.
Nonetheless, they show higher concentration of N and P in senesced leaves compared to
species with longer-lived leaves (Fig. 4).

While LL was negatively associated with N and P concentrations (Table 5), SLA was
only related to Pgreen (Table 4) and decreased ~10% from green to senesced leaves (Fig. 1).
Although leaves tend to get thicker with age (Hikosaka 2005), mass loss during senescence is
common (Van Heerwaarden, Toet & Aerts 2003; Vergutz et al. 2012) and is mainly caused by
resorption of carbon together with other nutrients, especially nitrogenous compounds (Chapin
III, Schulze & Mooney 1990). Because N was not significantly resorbed in mistletoes, carbon

may also have accumulated, resulting in lower SLA in senesced leaves.

Resorption and implications for litter

It is suggested that parasitic plants, including mistletoes, should be important for nutrient
cycling, because nutrients that are not resorbed will circulate through litterfall and become
available to the plant community (Watson 2001; March & Watson 2007; March & Watson
2010). We found support for the fact that mistletoes have high N concentration in senesced
leaves, thus suggesting a potential effect in nutrient cycling in the ecosystem. However,

because we do not have data on the contribution of mistletoes to litter biomass or their leaf
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area index at the studied sites, it is not possible to estimate the influence they might have in
the studied systems.

Nevertheless, the process of remineralisation might take several years (Berg 2000;
Berg & McClaugherty 2008) and the nutrients in the litterfall may be considered nutrient
losses to the plant population, at least in a short term. For example, the decomposition rates in
the cerrado are considered very slow (around 15% per year), and it is suggested that the
majority of nutrients remain in the vegetation itself, having high rates of resorption (up to
80% of Pesr; Nardoto et al. 2006; Kozovits et al. 2007). If mistletoe litter is decomposed
faster, because of possible lower C:N ratio (Berg & Staaf 1980; Taylor et al. 1989), then it
might be the case that mistletoes contribute to a faster nutrient cycling in the system. A fast
decomposition was observed for root hemiparasites at a sub-arctic environment (Quested et
al. 2003; Quested, Press & Callaghan 2003; Quested et al. 2005) however, to the best of our
knowledge, decomposition patterns have never been investigated for mistletoes. Further
studies on mistletoe decomposition rates might help to elucidate their influence in ecosystem

functioning, especially in habitats where nutrients are typically locked up in living biomass.

Conclusion

Our results showed that N, Mg and Ca are not resorbed in mistletoe species sampled across
two continents, but P and K were generally resorbed. The lack of N resorption together with
the fact that P is on average 30% resorbed suggest that N is not a limiting nutrient for
mistletoes, contradicting the N-parasitism hypothesis. Moreover, mistletoes parasitising hosts
with very low P availability may also suffer similar P limitation and the resorption process
may have been favoured by natural selection in these species occurring in these low-P sites.

Our findings also show that, even though mistletoes are relatively inefficient in terms of
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nutrient resorption, species with higher nutrient resorption proficiency expand their time of

nutrient retention by having longer-living leaves.
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Figure 1. Boxplot of N, P, K, Ca and Mg concentration per mass, and specific leaf area

(SLA) for mistletoes at the three studied sites, for green leaves (grey boxes) and senesced

leaves (white box). The continuous line within the box shows the median and error bars show

10™ and 90™ percentiles. Outliers are represented by small open circles. The symbol * denotes

significant differences between the green and senesced leaves (paired t-tests, P < 0.05).
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Figure 2. Boxplot of N, P, Ca, K, Mg and SLA proportional resorption efficiency of
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mistletoes at the three studied sites. The continuous line within the box shows the median, and

error bars show 10" and 90" percentiles. Outliers are represented by small open circles. There

was no significant difference between sites (ANOVA, all P > 0.05).
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Figure 3. Standardized major axis (SMA) relationship between P and N concentration in
green (white symbols, continuous line) and senesced (black symbols, dashed line) leaves.
Correlations statistics are given in Table 3. Common slope (CI) of 1.49 (1.11, 1.99) for old

and green leaves with an elevation shift (Wald statistic: 4.04, P = 0.044).
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Figure 4. Relationship between leaf lifespan and N and P senesced leaf concentration (a, b),

and resorption efficiency (c, d). Correlations statistics are given in Table 4.

185



Chapter 4 — Nutrient resorption in mistletoes

186



Chapter 4 — Nutrient resorption in mistletoes

T 0.50 | = 80
4 N * L SLA
10 T =
ol Eﬁ i T * e 607 T
£ £ o 50 T
) 5 ° sn 020 J'D 1 E é 5 : L
g L £ ] 1! T < Y013+
e 1 Q o - ~ | 1 3 g
_ £ 0104 *+ : L300 |
z 2 T Eﬁ = - g ts *
O Green €1 M -
1 - O Senescent 0.05 - 20
I I ] I I ] I I
10.0 * K Ca 7 T Me
o ) o ° a 5.0 7 fr ° :
q ! o -]
g 504 ° T £ E 10 T
50 ! 55 o0 e &
= | E 20 1 H T E E 1 !
~ 20 — 4 3 E- § 05 s !
g oF 1 L 3 : 4
o0 o+ ° S = HE
4L
0.5 — 0.5 0.2
I I T I I T I I T
Bra.Sav Aus.Sav  Aus.Woo Bra.Sav Aus.Sav  Aus.Woo Bra.Sav Aus.Sav  Aus.Woo

Figure S1. Boxplot of N, P, K, Ca and Mg concentration per area, and specific leaf area
(SLA) for mistletoes at the three studied sites, for green leaves (grey boxes) and senesced
leaves (white box). The continuous line within the box shows the median and error bars show
10™ and 90 ™" percentiles. Outliers are represented by small open circles. The symbol *

denotes significant differences between green and senesced leaves (paired t-tests, P < 0.05).
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Chapter 5.

Leaf lifespan, herbivory and leaf defence investment in mistletoes

and their hosts
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Abstract

Investment in defence against herbivory is costly for plants in the sense that the resources
invested could have been used for other productive purposes. Parasitic plants, such as
mistletoes, have been used as a model system to investigate resource balance and use in plants
because they acquire water and nutrients exclusively through the xylem of the host plant.
However, investment in defence traits and their influence on herbivore damage has remained
unevaluated in mistletoes. We used 35 mistletoe-host species pairs sampled across four sites
in Australia and Brazil to compare differences between mistletoes and hosts in chemical
defence investment, and to investigate possible trade-offs and syndromes between different
defence types. We also took the opportunity to investigate the evolutionary processes
involved in the leaf morphological resemblance of Australian mistletoes and their hosts.
Mistletoes had similar leaf nitrogen and generally higher carbon-based defence investment
compared to their hosts (higher tannin concentration and lower SLA). Considering N-based
defences, only 29% of the mistletoes tested positive for alkaloids, while alkaloids were found
in 57% of the hosts. Among Australian species pairs, we found clear patterning for highly-
mimic mistletoe species testing negative for alkaloids, while all associated hosts tested
positive. This result illustrates an evidence of Batesian mimicry and suggests that alkaloids
are not being transferred from hosts. Tannin concentrations in mistletoe leaves were highly
correlated to that of their hosts, while phenols were weakly correlated, implying that tannins
are being absorbed and other classes of phenols are being excluded. We found evidence for
differences in defence syndromes and trade-offs between mistletoes and hosts, where lower
SLA was related to higher tannin concentration in mistletoes, and higher SLA was related to
higher phenol concentration in hosts. We also used 14 out of those 35 pairs to investigate the

relationship between defence, herbivory rates and leaf lifespan. Mistletoes showed marginally

199



Chapter 5 — Leaf lifespan, herbivory and defense

higher herbivory rates, but similar leaf lifespan. We found that lower SLA and lower Nmass
were related to longer leaf lifespan for hosts, with mistletoes showing a similar tendency.
Lower herbivory rates were related to longer leaf lifespan for mistletoes and hosts in
agreement with the hypothesis that long-lived leaves must be well defended because leaf
damage increases with time. Our results, therefore, provide an advance in the study of plant-
herbivore and parasite-host theories, giving insights into the fundamental role secondary
compounds may have on host selection, especially in the case of mimic mistletoes in

Australia.

Keywords: phenol, tannin, alkaloids, nitrogen, Loranthaceae, specific leaf area, mimicry
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Introduction

For all plants, nitrogen (N) limitation together with herbivory damage are generally
considered the major constraints to growth, with N being a critical element for plants and also
for herbivores. It is known that a great part of leaf N is found in the carboxylating enzyme
Rubisco, in proteins of the Calvin cycle, and in thylakoids, thus N is closely related to
photosynthetic capacity (Evans 1989; Hikosaka 2004). Therefore, all else equal, possessing
higher leaf N concentration per unit of leaf mass (Nmass) 1s normally associated with a greater
carbon (C) gain, which can be invested in growth, defence, and/or vegetative reproduction
(Chapin III, Schulze & Mooney 1990). In contrast, higher leaf Nmass might also make leaves
more attractive to the herbivores (Kytod, Niemeld & Larsson 1996; Marvier 1996), in turn
leading to a decrease in plant fitness.

Mistletoes are parasitic angiosperms that attach to a host plant branch and connect to
their xylem, this connection becoming their only source of water and nutrients (Calder &
Bernhardt 1983). Anatomical studies have shown that there is no connection with the phloem
(Lamont 1983; Press & Graves 1995), and no direct lumen-to-lumen connection between
xylem cells of parasites and hosts (Calvin 1967; Dobbin & Kuijt 1974; Tennakoon, Pate &
Arthur 1997). The transfer of minerals from host to parasites occur not only via the apoplastic
continuum, but also via active loading after selective uptake and metabolism of solutes from
parasite parenchyma cell walls (Lamont & Southall 1982; Lamont 1983). However, there is a
broad variation between plat parasite species in terms of the types of solutes acquired and the
manner in which these solutes are obtained (Tennakoon, Pate & Stewart 1997).

As parasitic organisms receiving their resources from the host trees, their unit-costs for
acquiring both water and nitrogen are potentially far lower than that experienced by their

hosts. If mistletoes maintain higher leaf N concentration (especially higher N:C ratio) than
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their hosts, because of the lower unit-cost involved in acquiring N through the host xylem,
they could potentially suffer higher herbivory pressures. Interestingly, the fact that some
parasitic plants can afford to exhibit higher N concentrations in their leaves compared to the
surrounding vegetation was suggested as the selective force behind the cryptic mimicry
observed in the Australian and New Zealand mistletoes, which allows them to avoid
vertebrate herbivory (Barlow & Wiens 1977; Ehleringer et al. 1986; Bannister 1989).
Regarding insect herbivory damage, higher leaf N concentration is not the only
influence on its amount and rate, as leaf structural traits together with chemical defences
mutually act to defend leaves (Peeters 2002). Plant investment in leaf structural reinforcement
(e.g. thicker cuticle and/or epidermis; more lignified vasculature) is generally associated with
lower specific leaf area (SLA, the ratio of leaf area per leaf dry mass). SLA is an important
morphological trait, highly correlated with herbivory rates (Coley 1983), that reflects a basic
trade-off in leaf construction: how much is invested in leaf biomass in relation to the light-
capturing surface area. Having lower SLA may lead to longer leaf lifespan (LL) by ensuring
resistance not only against herbivores, but also against physical damages (Wright & Cannon
2001). In addition, higher investment in chemical defences (i.e. tannins, phenols and other
defensive compounds) are also correlated with longer LL (Chabot & Hicks 1982; Coley,
Bryant & Chapin III 1985), because long-lived leaves should be exposed to the risk of
herbivory damage for a longer period (Bryant ef al. 1985; Williams, Field & Mooney 1989).
Chemical defences are secondary compounds stored in leaf tissues that have toxic
effects on herbivores. Very commonly, they are classified according to whether they
predominantly contain N (N-based defences; e.g., alkaloids, cyanogenic glycosides) or
whether they are predominantly composed of C (C-based defences; e.g. phenols, tannins). C-
based defences may be either constitutive or induced (in response to herbivory), but in both

cases they act by lowering the digestibility of proteins and reducing bioavailability of amino
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acids (Barbeau & Kinsella 1983; Coley 1986; Hittenschwiler & Vitousek 2000). By contrast,
N-based defences are directly toxic to herbivores and thus are an important feeding deterrent
(Waller, Nowacki & Edmund 1978; Roberts & Wink 1998).

According to the resource availability hypothesis (Coley, Bryant & Chapin III
1985), nutrient availability in the environment is a major control of plant allocation to
secondary defence compounds. In environments with higher N availability, the cost of
acquiring C relatively to N is greater, and N-based defences are less expensive to construct, so
that N-based defence syndromes tend to be favoured by natural selection (Gartlan et al. 1980;
Craine et al. 2003). In contrast, C-based defences should generally be favoured in N-deficient
environments (Coley, Bryant & Chapin III 1985). This trade-off occurs because investing in
defence is costly considering that these resources could be used, in theory, for other
productive purposes, such as reproduction and growth (Mooney & Gulmon 1982; Coley,
Bryant & Chapin III 1985; Berenbaum 1995). The current understanding of many aspects in
plant ecology with respect to nutrient use is almost exclusively focused on N. However, in
phosphorus (P) deficient soils, such as the well-weathered soils in Australia and South
America, it is expected that P should also have a fundamental role in the plants economy,
possibly affecting allocation to defence (Adams, Attiwill & Wang 1995; Sampedro, Moreira
& Zas 2011; but see Koricheva et al. 1998).

Evolutionarily speaking, the amount of resources invested in defence should be
determined by the intensity of herbivory in a given vegetation type (Mooney & Gulmon
1982). A trade-off between investment in physical and chemical defence has also been
suggested, due to the limited pool of resources available for direct investment in defences
(Read et al. 2009), although empirical evidence for this trade-off has not always been found

(Moles et al. 2013; Céardenas et al. 2014). Many different studies have suggested that species
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may be both chemically and physically well defended, exhibiting a synergic syndrome of
defence traits combinations (Kursar & Coley 2003; Agrawal & Fishbein 2006; Futuyma &
Agrawal 2009; Agrawal 2011; Moles et al. 2013).

Parasitic angiosperms, such as holoparasites, root parasites and mistletoes, have been
reported to have high phenolic concentrations (Khanna et al. 1968; Luczkiewicz et al. 2001)
and high amounts of condensed tannins (Salatino, Kraus & Salatino 1993; Leitao et al. 2013).
Phytochemical studies of mistletoes have been gaining recent attention because of the anti-
tumour properties found in extracts of the European genus Viscum (Viscaceae) (Kienle &
Kiene 2010). Mistletoes are also largely used in traditional and alternative medicine
(Fernandez et al. 1998; Deeni & Sadiq 2002; Bussing 2003), and pharmacological research
has expanded to various members of the family Loranthaceae, with reports of antimicrobial
activity in mistletoes of different genera; e.g. Tapinanthus dodoneifolius (Deeni & Sadiq
2002), Loranthus micranthus (Cemaluk & Nwankwo 2012), Struthanthus vulgaris (Vieira et
al. 2005).

Because past research has focused mostly on the pharmacological aspects of mistletoe
biochemistry, there are few comparative ecological studies on mistletoes leaf defences, or on
herbivory. Canyon and Hill (1997), studying two different Australian mistletoes species,
showed that even with tougher leaves, mistletoes suffered higher rates of herbivory compared
to their hosts, irrespectively of having higher or lower N concentration. They attributed this
result to the higher water content of the mistletoe leaves. Very similar results were found in
another study investigating a species of an Australian mistletoe (Amyema miquelli) (Burns,
Cunningham & Watson 2011). Urness (1969) also described higher leaf water content in six
North American mistletoe species, and verified the forage value of mistletoes, with high

digestibility and carbohydrate content, but low protein and mineral content.
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Nonetheless, fundamental ecological questions related to the investment in chemical
defences by mistletoes remain unevaluated. It is generally unknown whether mistletoes suffer
similar or different levels of herbivory compared to their hosts, or whether they are more or
less defended. Our aim was to investigate the relationship between anti-herbivory defence
investment, herbivory rates and leaf lifespan in mistletoes compared to their non-parasitic
hosts.

Firstly, we compared mistletoes and hosts in terms of defence investment, leaf
functional traits, and traits correlations. Because N should be relatively cheap for mistletoes to
acquire, we expected that they would show lower investment in chemical and physical
defence per unit of leaf N and, as a consequence, exhibit higher herbivory rates. Moreover,
considering that the relative cost of losing leaf tissue by herbivory should be cheaper for
mistletoes, we expect them to show lower defence investment in general, compared to their
hosts. We also predict some correlation between host and mistletoes defence investment,
which could indicate that mistletoes might get some chemical compounds transferred from the
host xylem.

Secondly, we tested for trade-offs between a very general index of physical defence
(SLA) and chemical defences (tannins and phenols), and between N-based and C-based
defences. Based on the lower unit-cost of N-acquisition for mistletoes, we expected them to
show higher N-based defence (i.e., the proportion of alkaloid-positive species) investment
compared to their hosts.

Thirdly, we analysed the effect of defence traits on herbivory and on leaf lifespan.
Regardless of being host or mistletoe, we predicted positive relationships between investment
in defence and leaf lifespan and negative relationships between investment in defence and

herbivory rates.
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We also took the opportunity to investigate the evolutionary processes involved in the
leaf morphological resemblance of Australian mistletoes and their hosts. If mimic mistletoes
prevent herbivory damage by herbivores that actively avoid leaves from a specific host
because of its lower palatability traits (as suggested in Chapter 2), we expect mimic-
mistletoes’ hosts to show higher investment in defence compared to non-mimic mistletoes’

hosts.

Material and Methods

All sites were located within National Park reserves in Australia and Brazil and consisted of
different vegetation types. A detailed description of the sites can be found in Chapter 3.
Briefly, we sampled four to seven individuals of 35 mistletoe-host pairs (M-H). We sampled
seventeen M-H pairs across two savanna-type vegetation communities, ten of them in Brazil
(the cerrados), and seven in Australian savanna. In Australia, we also sampled twelve M-H
pairs in semi-arid woodland in Central-eastern Australia, and six, located in closed woodland
vegetation in the Sydney area (Table 1). Australian mistletoes were classified as highly-

mimic, mimic or non-mimic following Barlow and Wiens (1977).
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Table 1. List of the studied mistletoe-host pair species at each site location (n = 35). Species

marked in bold correspond to those from which leaf lifespan and herbivory data were

collected (n = 14).

Site Mistletoe Host Host Family
Closed Muellerina eucalyptoides Eucalyptus hemastoma Myrtaceae
woodland  Muellerina eucalyptoides Eucalyptus moluccana Myrtaceae
(Sydney) Muellerina eucalyptoides Eucalyptus spp. Myrtaceae
n==6 Amyema congener Allocasuarina littoralis Casuarinaceae
Dendrophtoe vitellina Eucalyptus sp. Myrtaceae
Dendrophtoe vitellina Angophora costata Myrtaceae
Savanna 1  Amyema sanguinea Corymbia porrecta Myrtaceae
(Darwin) Amyema sanguinea Eucalyptus miniata Myrtaceae
n=7 Amyema sanguinea Eucalyptus tetrodonta Myrtaceae
Amyema sanguinea Corymbia blesseri Myrtaceae
Amyema miquelli Eucalyptus miniata Myrtaceae
Dendrophthoe odontocalyx  Grevillea pteridifolia Proteaceae
Decaisnina signata Xanthostemon paradoxus Myrtaceae
Semi-arid  Amyema miraculosa Eremophila longifolia Scrophuliaceae
woodland  Amyema miraculosa Myoporum platycarpum Scrophuliaceae
(Bourke) Amyema miraculosa Eremophila mitchellii Scrophuliaceae
n=12 Lysiana exocarpi Alectryon oleifolius Sapindaceae
Amyema lucasii Flindersia maculosa Rutaceae
Amyema preissii Acacia aneura Fabaceae
Amyema preissii Senna eremophila Fabaceae
Amyema preissii Flindersia maculosa Rutaceae
Amyema maidenii Acacia harpophylla Fabaceae
Amyema maidenii Acacia aneura Fabaceae
Lysiana linearifolia Eremophila mitchellii Scrophuliaceae
Lysiana exocarpi Acacia aneura Fabaceae
Cerrado Phoradendron sp. Miconia albicans Melastomataceae
(Brasilia) Struthanthus polyanthus Miconia albicans Melastomataceae
n=10 Psittacanthus robustus Miconia albicans Melastomataceae
Phthirusa ovata Miconia albicans Melastomataceae
Psittacanthus robustus Qualea grandiflora Vochysiaceae
Psittacanthus robustus Qualea parviflora Vochysiaceae
Phthirusa ovata Styrax ferrugineus Styracaceae
Phthirusa ovata Dalbergia miscolobium Fabaceae
Phoradendron tunaeforme Guapira areolata Nyctaginaceae
Phoradendron . . . . Anacardiaceae
P Tapirira guianensis
crassifolium
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Leaf traits

Mature, fully-expanded leaves were collected from five to seven individual of each M-H pair,
immediately scanned and the area was measured using Image J software (Abramoff,
Magalhdes & Ram, 2004). The leaves were dried in the oven for 72 hours at 65°C and
weighed. Specific leaf area (SLA) was calculated as the ratio of fresh leaf area to leaf dry
mass.

The same leaves were finely ground for chemical defence analyses. Australian
samples were sent to the Analytical Service Unit from the School of Agriculture and Food
Science at The University of Queensland for N determination using a LECO TruSpec CHN
combustion analyser, and for total P determination using an ICP-OES analyser, following
Nitric perchloric acid digestion. Brazilian samples were sent to “Laboratério de Agroquimica
e Meio Ambiente da Universidade Estadual de Maringa” (PR-Brazil) for N and P
determination by Kjedahl digestion and UV-Vis spectroscopy, respectively.

Total phenolic content (Ph) was determined by Folin-Ciocalteu assay, as described by
Singleton & Rossi (1965) and Singleton, Orthofer & Lamuela-Raventos (1999). Briefly,
phenolics were extracted from 20 mg of plant tissue with 12 ml acetone (70%) in an
ultrasonic bath for 20 min followed by centrifugation. Total phenolics were quantified
colorimetrically at 760 nm, with a standard curve of gallic acid and expressed as mg gallic
acid equivalents g! dry mass of plant tissue. The non-tannin phenolics were calculated by
adding polyvinylpolypyrrolidone (PVPP) as a tannin binder to 1 ml of the extract followed by
15 min at 4 °C and centrifugation. The supernatant was collected and phenolics were again
measured as described above (Folin-Ciocalteu assay). Tannin content (Ta) was calculated as
the difference between the Ph and the non-tannin phenolics (Makkar et al. 1993; Makkar

2003). Ph and Ta were conducted in triplicate.
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We used 10 mg leaf material in 1 ml methanol (80%) extract to test for the presence of
alkaloids. To the filtered extract, we added 1-2 drops of the Dragendoff’s reagent. This
reagent forms an orange precipitate in the presence of alkaloids and has been demonstrated to
be useful in predicting the presence or absence of alkaloids in plant tissue (Popl, Fahnrich &

Tatar 1990; Raffauf 1996).

Leaf lifespan and herbivory rates

We monitored 14 out of the 35 mistletoes-host pairs in Australian closed woodland and
Brazilian cerrado (Table 1) for 12-18 months to investigate herbivory rates and LL. Four
branches of five individual were used to measure LL, based on leaf turnover rates (Wright &
Cannon 2001). All leaves from each branch were sequentially numbered and revisited every
3-4 months for 12 months. LL was calculated as the inverse of the mortality rate (number of
dead leaves/ number of leaves at the beginning of census/ period of time). For 32 leaves
marked on each individual, the average leaf area lost to herbivory was estimated (always by
the same person (MCS)), by visually surveying the percentage of area removed or damaged in
each census, totalling a number 160 leaves for each mistletoe and each host species
considered. All damage to the surface of the leaf (including the action of chewers, mines,
galls, and fungus) was considered broadly as “herbivory”. We excluded from our estimation
the leaves that were completely removed, because it was not possible to infer if it was caused
exclusively by herbivores or by any other factor (physical damage, senescence, etc.).

Initial analyses included the deciduous host species Qualea grandiflora. As it turned out, this
species was a clear outlier in any analyses including traits, herbivory rates and leaf lifespan,
presumably because of its very distinct defence strategy against herbivores, attracting

mutualistic ants with pairs of extra floral nectaries along the stems (Costa, Oliveira-Filho &
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Oliveira 1992). Because of this strategy, and as it was the only deciduous host species, we

chose not to include it in further analyses.

Physical defences

For the 6 pairs located in the Australian closed woodland, we used a universal testing machine
(Instron 5542; Instron, Canton, MA, USA) with custom-made penetrometer (Onoda,
Schieving & Anten 2008) for conducting punch tests, measuring the force to punch (N), and a
dial gauge micrometre to measure leaf thickness. The force to punch and leaf thickness were
measured in three different points of the leaf lamina, avoiding the primary and secondary
veins. Leaf toughness (N m™') was calculated as the force to punch divided by leaf thickness.
Extra leaves were used to measure dry matter content (DMC). Squares of 1 cm? area were
removed from the extra leaves and placed in water for 24 hours to saturate. The squares were
weighed and placed in the oven until completely dry for 72 hours at 65 °C, and then weighed

again. DMC was calculated as the ratio of leaf dry mass to leaf saturated mass.

Data Analyses

All data were analysed using R software version 3.1.0 (R Development Core Team 2008).
Leaf and defence trait data were log-transformed to satisfy standard assumptions for
normality. We used paired t-tests to test for trait differences between mistletoes and their
hosts, and Fisher’s exact test for the categorical variable (alkaloid positive or negative). To
maintain the paired nature of the data, we also used the mistletoe to host trait difference
(always calculated as mistletoe trait — host trait) to test for differences between sites with one-
way analysis of variance (ANOVA). Ordinary least squares (OLS) regression and Pearson
correlation were used for quantifying the relationship between mistletoe and host defence

traits, and for verifying trade-offs between defence traits. We fitted standardized major axis
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(SMA) slopes to explore the relationship between defence traits and LL, and to compare
slopes between mistletoes and hosts, using package SMATR version 3.0 (Warton et al. 2012).
All statistical tests assumed significance at P < (.05, but marginally significant results (0.05<

P < 0.1) are also reported, and noted as such.

Results

Patterning of Mistletoe-Host differences among sites

There were clear tendencies for mistletoes and their hosts to differ in SLA (P < 0.001), with
mistletoes showing lower SLA at all sites, and overall (Table 2, Fig.1). For the 6 pairs on
which we measured other physical properties, we found that mistletoe leaves were thicker
(mean + sd: 1.13 £ 0.18 versus 0.45 £ 0.11 mm), tougher (mean + sd: 1869 + 216 versus 3651
+ 776 N m'!) and had lower DMC (mean # sd: 0.29 + 0.02 versus 0.48 + 0.01 mg mg™').
Conversely, mistletoes and hosts showed similar Npass (P = 0.964), whether within individual
sites or considered overall (Fig. 1). Consequently, the ratio SLA : Niass was lower in mistletoe
compared to host across all mistletoe species, and lower in mistletoes in the two savanna sites
(cerrado and Australian savanna, Table 2).

Trends for defence chemicals were less clear, and generally, there was greater
variation between species than it was seen for SLA or Nmass. Total Ta averaged 2.78 % in
hosts (ranging from 0.06 to 15.84 %) and 3.89 % in mistletoes (ranging 0.11 to 11.19 %).
Combining all species, mistletoes showed higher Ta compared to their hosts (paired t-tests, P
=0.027, Figure S1); but this difference was observed only within one of four individual sites
(semi-arid woodland, Table 2, Fig. 1).

Ph did not differ between hosts and mistletoes in general (P = 0.404), but mistletoes

showed higher Ph at the semi-arid woodland site and lower Ph at the closed woodland site,
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compared to their hosts (Fig. 1; Table 2). The patterning of Ph : Nmass and Ta : Nmass broadly
mirrored Ph and Ta respectively, with mistletoes in semi-arid woodland showing higher
values compared to their hosts.

Australian closed woodland and Brazilian cerrado mistletoes and hosts showed lower
Ta than species at other sites (Table 2). However, because both mistletoe and host species
from Australian savannas and Australian closed woodland species showed lower Nmass, the
proportion of defence investment per unit of N (Ph : Nmass and Ta : Nmass) was higher in those
sites (Table 2). Surprisingly, a higher proportion of alkaloid-positive hosts was found in
Australian savanna (86%) and Australian closed woodland (83%), despite showing the lowest
Nmass values (Table 2). Australian semi-arid woodland mistletoes species were generally
better defended than their hosts, showing higher Ph, higher Ta, and the highest proportion of

alkaloid-positive mistletoes species (58%, Table 2).

Relationships between Mistletoe and Host defence traits

Among all sites, there was a tight positive relationship between mistletoe and host Niass (r* =
0.61, P <0.001) and Ta (r> = 0.71, P < 0.001, Fig. 2), while a weaker relationship for Ph =
0.14, P = 0.026) and no correlation between mistletoe and host SLA (P > 0.1, Fig. 2).

On average, 60% of host species (20 out of the 35) and 30% of mistletoes (9 out of 35)
tested positive for alkaloids. In only four pairs were both mistletoes and hosts alkaloid-
positive, suggesting that most mistletoes do not acquire alkaloids from the host xylem (or

perhaps none do).
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Chapter 5 — Leaf lifespan, herbivory and defense

Generalised defence syndromes vs. trade-offs between defence types

Trade-offs between chemical and physical defence were not very clear: relationships between
SLA and other chemical defences were not consistent across mistletoes and hosts. Figure 3
shows a negative relationship between SLA and Ta for mistletoes (r* = 0.16, P = 0.018; Fig.
3a), although a wide range of Ta could be seen at any SLA, and especially among high SLA
species. No relationship was seen between Ta and SLA in host species. By contrast, SLA was
weakly and positively correlated with Ph in hosts (? =0.14, P = 0.044; Fig. 3b), but there was
no relationship among mistletoe species.

A trade-off between N-based and C-based defence was not supported by our results.
Alkaloid-positive mistletoes showed higher Ta concentration (P = 0.019, Fig. 4a) compared to
alkaloid-negative mistletoes. There was no general difference between alkaloid-positive and
alkaloid-negative mistletoes and host species for total Ph or for SLA (all P > 0.1, Fig. 4b and
4c), while hosts that tested positive for alkaloids also showed significantly lower Niass

concentration (P = 0.006, Fig. 4d).

Herbivory and leaf lifespan relationship with defence

Annual herbivory rate ranged from 11.4% to 29.1% for hosts (mean +SD: 18.9 £ 6.6%) and
from 15.0% to 54.5% for mistletoes (mean + SD: 26.1 £ 11.1%), being on average marginally
higher in mistletoes compared to their hosts (paired t-test, P = 0.067). However, mistletoes
and hosts showed no differences in mean LL (paired t-test, P = 0.572). Herbivory was
negatively related to LL for mistletoes (r* = 0.48, P = 0.006) and (marginally) for hosts (1> =
0.20, P = 0.088), indicating that species suffering less herbivory achieved longer LL (Fig. 5a,
Table 3). We did not find any relationship between herbivory and chemical defences (Ta and
Ph, Table 3) or between herbivory and physical traits (SLA, Fig. 5b), but herbivory was

positively correlated to leaf Nmass in host species (r*> = 0.46, P = 0.010; Figure 5c¢).
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Longer leaf lifespan was associated with lower SLA and lower Nmass for hosts, and
mistletoes tended to follow the same pattern with similar slopes (not significantly different),
but a weaker correlation (Table 3, Fig. 4a and 4b). On average, mistletoes achieved 2/3 the LL
for a given SLA (i.e., the elevation of LL-SLA slopes differed; Wald-test: 25.41, P < 0.0001,
Fig. 4a). Host LL was positively correlated with phenolic concentration per unit of N (Fig. 4c,
Table 3), presumably reflecting the negative LL-N relationship; while tannin investment (Ta
and Ta : Nmass and Ph) were not related to longer LL, either for mistletoes or hosts (Fig. 4d,
Table 3). Neither LL nor herbivory rate differed between alkaloid-positive and alkaloid-
negative hosts (P > 0.1). It was not possible to verify whether this relationship occurred in
mistletoes because only one out of the 14 species tested positive for alkaloids (Phoradendron

tunaeforme).
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Table 3. Pearson correlation between leaf defence traits, leaf lifespan (LL) and herbivory

rates (r> and P-values, sample size in parentheses).

Traits Mistletoes Hosts

LL, Nmass 0.19,0.115 (14)  0.64, 0.001 (13)
LL, Pmass 0.18,0.147 (14)  0.74, <0.001 (13)
LL, SLA 0.09, 0.297 (14)  0.41, 0.022 (13)
LL, Ph 0.06,0.387 (14)  0.144, 0.223 (13)
LL, Ta 0.00,0.909 (14)  0.00, 0.786 (13)
LL, Ph:Nmass 0.008, 0.752 (14) 0.47, 0.001 (13)
LL, Ta:Nmass 0.03,0.571 (14) 0.11,0.286 (13)

LL, Herbivory
Herbivory, SLA
Herbivory, Nmass
HCI'biVOI'y, Prass
Herbivory, Ph
Herbivory, Ta
Herbivory, Ph:Nmass
Herbivory, Ta:Nmass
SLA, Ta

SLA, Ph

SLA, Nmass

SLA, Prass

0.30, 0.042 (14)
0.00, 0.959 (14)
0.06, 0.407 (14)
0.06, 0.439 (14)
0.04, 0.494 (14)
0.09, 0.312 (14)
0.07,0.364 (14)
0.01, 0.672 (14)
0.16, 0.018 (35)
0.00, 0.964 (35)
0.03, 0.335 (35)
0.00, 0.917 (35)

0.20, 0.088 (13)
0.11, 0.276 (13)
0.46, 0.010 (13)
0.34, 0.047 (13)
0.00, 0.941 (13)
0.185,0.143 (13)
0.23,0.100 (13)
0.03, 0.576 (13)
0.00, 0.768 (35)
0.14, 0.044 (35)
0.01, 0.617 (35)
0.02, 0.393 (35)

Nmass: nitrogen concentration; SLA: specific leaf area; Ph: total phenolics concentration; Ta:

total tannins concentration; LL: leaf lifespan.

All traits were log-transformed prior to analysis.
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Batesian mimicry in Australian mistletoes

Within the 25 Australian pairs, we found a strong pattern of alkaloid-negative mimic
mistletoes parasitising alkaloid-positive hosts, while all alkaloid-positive mistletoes occurred
when the mistletoe was considered “not mimic” or “not highly mimic” (Table S1). Hosts with
mimic-mistletoes usually exhibited higher Ph and lower Nmass, and consequently higher Ta :
Niass and higher Ph : Niass (paired t-tests, all P < 0.05), mirroring the associated mistletoe

(Fig. S2).

Discussion

Table 4 summarises our results in relation to the expectations we outlined in the introduction,
few of which were supported. Specifically, key expectations that mistletoes would have
higher defence investment (either absolute or per unit of nitrogen), higher prevalence of N-
based defences, and that defence investment in both mistletoes and hosts would decrease
herbivory rates, were not supported. However, there were still a number of very clear and
interesting results (specifically, a strong relationship between mistletoes and hosts in terms of
Nmass and tannins, evidence of generalised defence syndromes in mistletoes, a negative

relationship between herbivory and leaf lifespan), which we discuss below.
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Chapter 5 — Leaf lifespan, herbivory and defense

Relationships between Mistletoe and Host defence traits

A close relationship between mistletoe and host Niass (r*> = 0.61, P < 0.001) is a well-known
and expected pattern found in the global analysis from Chapter 2, and also in previous studies
(Schulze et al. 1991; Bannister & Strong 2001; Wang et al. 2008). Presumably, this
relationship occurs because the host xylem is the only source of N for mistletoes. Moreover,
secondary compounds transferred from hosts could potentially benefit mistletoes, decreasing
herbivory rates. Many reports from root parasites of the Castilleja, Orobanche and
Orthocarpus genera (Scrophulariaceae) and for mistletoes of the Viscum genus
(Loranthaceae) show that they obtain alkaloids from their hosts (Wink, Witte & Hartmann
1981; Boros et al. 1991; Cordero, Serrano & Gonzalez 1993; Adler 2000; Adler & Wink
2001; Adler 2002; Ilesanmi 2011). When parasitizing a host with leaf alkaloids, the root
parasite Castilleja miniata showed lower herbivory compared to the same species in a non-
alkaloid host (Adler 2000). Therefore, acquiring alkaloids directly from the xylem of the hosts
could be an advantage for the mistletoe. However, both mistletoes and hosts tested positive
for alkaloids in only four out of the 35 pairs studied here. In the remaining 16 alkaloid-
positive hosts, mistletoes did not show presence of alkaloids; while six alkaloid-positive
mistletoes were parasitizing hosts without alkaloids, suggesting the majority of the mistletoes
species are self-sufficient in constructing alkaloids. This result also suggests that alkaloids are
not being transferred from hosts. As discussed by Adler and Wink (2001), the mechanism of
storing and transporting alkaloids can differ between parasitic plants and hosts, which may
possess different enzymes for alkaloid transport. Moreover, mistletoes may have the
advantage of not needing to invest in alkaloids when growing on alkaloid-positive hosts,
especially if they can “hide” in the host canopy (this aspect is further discussed below).

In contrast, we found a strong correlation between mistletoes and hosts in tannin

concentration (12 = 0.71, Fig. 3). There are two interpretations for this pattern: mistletoes can
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access tannins from the host xylem and deploy them in their leaves; or mistletoes suffer
similar herbivory pressure to their hosts, and gain some fitness advantage by regulating tannin
concentration to match that of their hosts. Tannins are found dissolved in parenchymatic cells,
such as the cells from the secondary xylem, and there are reports of tannins being transferred
to xylem-feeding insects (Raven 1983; Crews et al. 1998; Wallis & Chen 2012). Therefore,
the most likely scenario is that tannins are being transferred to the mistletoes. In addition,
even though tannins constitute a specific class of phenols, the relationship between mistletoe
and host concentrations of total phenolics was not as strong as the relationship between
tannins (r* = 0.14, P = 0.026). The only other study we are aware of that investigated
transference of phenolics in mistletoes reported that phenolic concentrations of the mistletoe
Dendrophtoe falcata were not related to phenolic concentrations in five different hosts
(Khanna et al. 1968). There is evidence that some solutes are transferred directly from the
host xylem to the mistletoe and others are metabolized before transfer, or excluded and not
absorbed (Pate, True & Rasins 1991). Here, the case may be that tannins are being absorbed
and other classes of phenols are being excluded.

The active exclusion of secondary compounds may also explain the absence of a
strong concurrence in alkaloids, especially if alkaloids from the hosts are capable to affect
mistletoes negatively. Alkaloids introduced to other plants can have allelopathic effects by
inhibiting chlorophyll synthesis, internode elongation, and general growth (Waller, Nowacki
& Edmund 1978; Roberts & Wink 1998). However, as argued by Pennings and Callaway
(2002) the physiological link between hosts and mistletoes might be an obstacle, and
preventing self-poisoning may be a challenge. Little is known about the effects of host
alkaloids on mistletoes, but there is evidence for exclusion of nicotine-based alkaloids by
Cuscuta gronovii and Orobanche muteli, both parasitic angiosperms, when growing on

tobacco hosts (Wazel 1952). Clearly, there is still need for further research in this area.
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Generalised defence syndromes vs. trade-offs between defence types

Many current hypotheses regarding plant defence investment can be divided into two
categories: resource allocation trade-offs, or synergic syndromes of trait combinations
(Ballhorn et al. 2014). The first is based on the prediction that trade-offs between different
anti-herbivore traits occur because a limited pool of resources can be allocated between
different types of defence for different types of herbivores (Eck ef al. 2001; Read et al. 2009);
or, alternatively, because the defences may be redundant (i.e., efficient against the same type
of herbivore;Herms & Mattson (1992)). The latter (synergic syndromes) suggests additive
interactions between defensive traits, with multiple trait combinations evolving together
(Kursar & Coley 2003; Agrawal & Fishbein 2006; Futuyma & Agrawal 2009; Agrawal 2011).
Our results suggest that mistletoes and hosts have rather different strategies in relation to
physical and C-based chemical defence investment. Robust, low SLA leaves of mistletoes
showed higher tannin concentration (in support of a generalised defence syndrome), while
low SLA leaves of hosts showed less investment in phenolics (in support of a trade-off
between structural and C-based defence; Fig. 3). Mistletoes apparently may not be subjected
to the same trade-off, especially because of the transference of tannins from the hosts
discussed above, resulting in a positive syndrome correlation of lower SLA and higher tannin
concentration.

We did not find evidence of a trade-off between N-based and C-based defence
investment, in either mistletoes or hosts. There was no difference between alkaloid-positive
and alkaloid-negative hosts in relation to the investment in tannins and total phenols or SLA
(Fig. 6). Interestingly, alkaloid-positive mistletoes showed higher leaf tannin concentration
compared to alkaloid-negative species (Fig. 4). The absence of a trade-off between N-based

and C-based defences and the evidence of a trade-off between SLA and C-based defences
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gives support to the idea that defences using the same resource are more likely to display

stronger trade-offs, as suggested by Moles et al. (2013).

Herbivory and leaf lifespan relationships with defence

Mistletoes showed marginally significantly higher herbivory rates compared to their hosts in
the two sites that herbivory was monitored, despite apparently investing more in defence
(lower SLA, higher Ta, and higher Ph at 2 of 4 sites, Table 3). Herbivory was not correlated
with chemical defences, but it was positively related to Nmass and Pmass for host plants,
meaning that host leaves with higher nutritional values suffered higher herbivory rates. Coley
(1983) argued that the lack of correlation between herbivory and chemical defences might
indicate differences in leaf ontogeny in relation to defence investment, because herbivory is
measured as an accumulative trait while defence is measured at a particular point in time
during leaf development. However, it may also be the case that better-defended species might
suffer similar herbivory rates for other reasons, such as having generally higher palatability
due to higher water content.

Herbivory was negatively related to leaf lifespan, for both mistletoes and hosts, in
agreement with the hypothesis that long-lived leaves must be well defended because leaf
damage increases with time (Coley 1983; Bryant et al. 1985; Coley 1988; Williams, Field &
Mooney 1989). Several studies also show that leaves that suffer lower herbivory tend to live
for longer periods of time (Stanton 1975; Coley 1980; Chabot & Hicks 1982). In addition, LL
was negatively related to Nmass, Pmass and SLA for hosts, and mistletoes follow similar trends
(Fig. 6), thus species with lower SLA and lower leaf nutrient concentrations tended to have
longer LL. Therefore, our results support the prediction that mistletoes can also be placed
along the continuum running between the two extreme evolutionary strategies (Chabot &

Hicks 1982) of either constructing long-lived, low palatability leaves (with higher defence
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investment or low protein content), or constructing short-lived leaves with higher N and
potentially higher photosynthetic capacity to offset the shorter life span.

SLA and LL are expected to be correlated because structural reinforcements confer
physical protection against herbivores and other physical hazards (Reich ef al. 1991; Reich,
Walters & Ellsworth 1992; Ryser 1996; Wright & Cannon 2001; Wright, Westoby & Reich
2002). However, the LL-SLA relationship was shifted in mistletoes in relation to their hosts:
mistletoes achieved shorter LL at a given SLA (Fig. 6a). We believe this pattern is most likely
a result of softer leaves in mistletoes for a given SLA (i.e, leaves with lower tissue density
and higher moisture content), because leaf structure is closely linked to leaf lifespan (Reich
1993; Ryser 1996). Even though leaf toughness and DMC were not measured in all pairs
considered in this study, our results indicate clear differences in leaf physical properties, with
mistletoes showing on average half the DMC and leaf toughness of host leaves, and 2-fold
higher leaf thickness. Moreover, the higher leaf water content and succulence is a well-
reported characteristic trait for mistletoes (Popp et al. 1995; Canyon & Hill 1997; Glatzel &

Geils 2009; Burns, Cunningham & Watson 2011).

Influences of soil P-impoverishment and aluminium accumulation on defence traits

Australian soils tend to be notably P-impoverished (Beadle 1966), and resource limitations
tend to select for conservative strategies, such as higher leaf toughness and low nutritive
value, resulting in traits conferring lower palatability (Coley, Bryant & Chapin III 1985; Diaz
et al. 2004). In fact, we found that hosts and mistletoes from Australian savanna and closed
woodland sites, which were associated with very low Nmass, showed the highest ratios of Ph :
Nmass compared to the other two sites (Table 2). Moreover, these sites also showed the highest

proportion of alkaloid-positive host species. In N-deficient environments, we would expect
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that N use would be maximised and preferentially allocated to primary functions, such as
photosynthesis rather than to defence (Herms & Mattson 1992), because alkaloids are rich in
N and expensive to build (Waller, Nowacki & Edmund 1978). However, despite the
expectations that C-based defences should generally be favoured in low-nutrient
environments (resource availability hypothesis; Coley, Bryant and Chapin III (1985)), we
found in these low-P sites that N-based defences were more predominant, without any C-
based defence being substantially different from other sites. Under experimental
manipulations, deficiency of P can cause increases in soluble nitrogen compound levels,
which may provide alkaloid synthesis substrate (Stewart, Larher & Miflin 1980; White 1984;
Rabe & Lovatt 1986). Our results suggest that P limitation might be the selective limitation in
these sites and there should be very strong selective pressure to minimise nutrient replacement
costs by constructing leaves with high probability of long lifespan, likely achieved in this case
by investing heavily in N-based defences.

Another difference between sites worth noting is that 60% of all host species in the
cerrado site are aluminium (Al) hyperaccumulators (Vochysiaceae and Melastomataceae
families, Table 1). Hyperaccumulation of Al was demonstrated to act as anti-herbivore
defence and suggested to be the physiological function driving the natural selection for
hyperaccumulation of heavy metals in plants from tropical environments with high Al soil
content (Pollard 2000; Jansen et al. 2002). It is argued that a metal-based defence might trade-
off with other organic defences (Poschenrieder, Tolra & Barcel6 2006). Interestingly, the Al-
accumulator hosts showed the lowest Ta : Nmass of all hosts (Miconia albicans parasitised by
P. robustus and P. ovata showed almost nil tannin in their leaves), mirrored in the mistletoes
species (Fig. 2), indicating a possible trade-off between metal and C-based defence. Scalon,
Haridasan and Franco (2013) suggested that Al might have a still unexplored important

physiological role for the mistletoe P. robustus, because there is evidence for active
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translocation of Al through the mistletoe phloem. If the function of Al in mistletoes is also
related to anti-herbivore defence, then mistletoes accessing higher concentrations of Al in the
host xylem and accumulating it in the leaves might also gain an advantage against herbivores,

and hyperaccumulation of Al might be involved in host selection by mistletoes.

Batesian mimicry in Australian mistletoes

Host selection is a very important evolutionary process for mistletoes, which might gain
protection against herbivores by mimicking host foliage or “choosing” the host with highest
potential to transfer effective secondary compounds. Parasitic angiosperms can select for
hosts by selective germination of seeds, meaning that the germination process only triggers
when the seed is placed in a suitable hosts; or by selective vegetative growth, for mistletoes
with auxiliary roots growing across different host plants (Marquardt & Pennings 2010). In the
case of Australian mistletoes, mimicry of the host leaves morphological characteristics can be
directly involved in host selection. By looking similar to their hosts, mimic mistletoes should
be able to avoid vertebrate herbivory (Barlow & Wiens 1977; Ehleringer et al. 1986;
Bannister 1989).

The confusion in the literature regarding the application of the terms “mimicry” and
“crypsis” in cases of mistletoe and host leaf resemblance (Vane-Wright 1980) was brought up
in Chapter 2. The difference between crypsis and mimicry is subtle; however, it has important
implications for understanding the evolutionary drivers and ecological consequences for the
species involved. As discussed in Chapter 2, protective crypsis (Endler 1981) implies that
mistletoes should have traits that otherwise would make their leaves more attractive to
herbivores, such as higher Niass. However, if the advantage of resembling host leaves is to
prevent herbivory damage by herbivores that actively avoid leaves from a specific host, it

would constitute an example of Batesian mimicry (Vane-Wright 1980). In other words, if it is
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a case of Batesian mimicry, mimic mistletoes could lack the ability to sequester host defence
compounds, while non-mimic mistletoes would have to invest in chemical defences
themselves or rely on host-derived toxins. In terms of C-based defences, mimic mistletoes
were similar or even better defended than non-mimic ones (Fig. S2). However, Table S1
illustrates evidence of Batesian mimicry by showing that none of the highly-mimic mistletoe
species tested positive for alkaloids, while all associated hosts did. Therefore, not needing to
invest in an expensive N-rich compound such as alkaloids by morphologically resembling
leaves of hosts with alkaloids, consists of a clear fitness advantage and might be involved in

the evolution of mimicry in Australian mistletoes.

Conclusion

We investigated anti-herbivore defence in 35 mistletoes-host pairs across four different sites
in Australia and Brazil, partially fulfilling the need for more field studies of parasitic plants in
natural communities noted by Pennings and Callaway (2002). In fact, our results showed that
very few of our initial expectations were supported and investment in anti-herbivore defence
could indeed be involved in the evolutionary processes of many different aspects for parasitic
angiosperms, such as host selection and functional strategies. Mistletoes had generally higher
C-based defence investment, although suffering marginally higher herbivory rates compared
to their hosts. We also showed evidence of tannins being transferred from hosts, with other
classes of phenols and alkaloids possibly being excluded. There were differences in defence
syndromes and trade-offs between mistletoes and hosts, but a similar negative relationship
between herbivory rates and leaf lifespan, in agreement with the hypothesis that long-lived
leaves must be well defended. Within Australian mistletoes-host pairs, we found a clear
pattern of highly-mimic mistletoe species testing negative for alkaloids, while all associated

hosts tested positive, illustrating evidence of Batesian mimicry.
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Figure 1. Pair-wise comparison between mistletoe to host difference in tannin concentration
(Ta), tannin to nitrogen ratio (Ta : N), total phenol concentration (TP), total phenol to nitrogen
ratio (TP : N), specific leaf area (SLA) and leaf nitrogen concentration per mass (N), across
the four different sites: Brazilian Cerrado (Cer), Australian Savanna (Aus_Sav), Australian
semi-arid woodland (Semi- Arid), and Australian closed woodland (Wood). The continuous
line within the box shows the median, error bars show 10" and 90" percentiles. The symbol
*denotes significant differences between the mistletoes and hosts at each site (paired t-tests, P

<0.05).
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Figure 2. Ordinary least squares (OLS) relationships between mistletoes and hosts across four

different sites for tannin concentration (Tannins: r” = 0.71, P < 0.001), total phenol

concentration (Phenols: 1? = 0.14, P = 0.026), leaf nitrogen concentration per mass (Nmass: I° =

0.61, P <0.001), and specific leaf area (SLA, P > 0.1).
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Continuous lines represent significant relationships (P < 0.05). Correlation statistics are given

in Table 3.
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percentiles; and open circles represent outliers. The symbol * denotes significant differences
between the alkaloid-positive and alkaloid-negative species for mistletoes or hosts (paired t-

tests, P < 0.05).
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Figure 5. OLS relationships between herbivory rate and leaf lifespan (LL), specific leaf area

(SLA) and leaf nitrogen concentration (Nmass) for 14 mistletoes-host pairs. Symbols and lines

as in Figure 3 and marginally significant tendencies (0.10 < P > 0.05) are represented by

dashed lines. Correlation statistics are given in Table 3.
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Figure 6. Standardised major axis (SMA) relationships between leaf lifespan (LL) and
defence traits for 14 mistletoes (grey squares and lines) and 13 hosts (black squares and lines).
Continuous lines represent significant relationships (P < 0.05), and marginally significant
tendencies (0.10 < P > 0.05) are represented by dashed lines. Correlation statistics are given
in Table 3. (a) LL on SLA. Common fitted slope, f =-0.69 (-0.98, -0.50). (b) LL on Nass.
Common fitted slope, p =-1.58 (-2.30, -1.14). (¢) LL on TP : Nmass. Common fitted slope, B =

2.59 (1.79, 3.83). (d) LL on Ta : Nmass. Common fitted slope, B = 4.56 (2.99, 6.96).
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Table S1. Presence (Yes) or absence (No) of alkaloids for resembling and non-resembling

mistletoe-host pairs in Australia.
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Mistletoe Alkaloids Host Alkaloids
Highly mimic (n =9)
Muellerina eucalyptoides No Eucalyptus hemastoma Yes
Muellerina eucalyptoides No Eucalyptus moluccana Yes
Muellerina eucalyptoides No Eucalyptus spp. Yes
Amyema sanguinea No Corymbia porrecta Yes
Amyema sanguinea No Eucalyptus miniata Yes
Amyema sanguinea No Eucalyptus tetrodonta Yes
Amyema sanguinea No Corymbia blesseri Yes
Amyema miquelli No Eucalyptus miniata Yes
Amyema lucasii No Flindersia maculosa Yes
Mimic (n = 6)
Dendrophtoe vitellina No Eucalyptus sp. Yes
Dendrophtoe vitellina No Angophora costata Yes
Amyema preissii No Acacia aneura Yes
Amyema maidenii No Acacia aneura Yes
Lysiana linearifolia Yes Eremophila mitchellii No
Lysiana exocarpi Yes Alectryon oleifolius Yes
Non-mimic (n = 10)
Amyema congener No Allocasuarina littoralis No
Dendrophthoe odontocalyx Yes Grevillea pteridifolia No
Decaisnina signata Yes Xanthostemon paradoxus Yes
Amyema miraculosa Yes Myoporum platycarpum No
Amyema miraculosa Yes Eremophila mitchellii No
Amyema preissii No Flindersia maculosa Yes
Amyema maidenii No Acacia harpophylla No
Lysiana exocarpi Yes Acacia aneura Yes
Amyema miraculosa Yes Eremophila longifolia No
Amyema preissii No Senna eremophila No
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Figure S1. Frequency distribution of the differences between hosts and mistletoes in specific

leaf area (SLA), leaf nitrogen concentration per mass (N), tannin concentration (Ta), tannin to

nitrogen ratio (Ta : N), total phenol concentration (TP), and total phenol to nitrogen ration (TP

:N).
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Figure S2. Boxplot of Niass, Ph : Nimass and Ta : Nmags for mistletoes and hosts in a non-mimic
relationship (grey boxes) and mimicking relationship (white box). The continuous line within
the box shows the median and error bars show 10" and 90™ percentiles. Outliers are

represented by small open circles. The symbol * denotes significant differences between non-

mimics and mimics (paired t-tests, P < 0.05).
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General Discussion

Since the early days of plant physiology and ecology, mistletoes have been considered a
fascinating model for investigating plant resource relations. The mechanism of water and
nutrient partitioning between hosts and these hemiparasitic angiosperms is a particularly
interesting physiological aspect of this relationship. Previous studies have suggested that
mistletoes are profligate water users, and control water loss only minimally or not at all (e.g.
(Hollinger 1983; Schulze, Turner & Glatzel 1984; Ehleringer, Cook & Tieszen 1986; El-
Sharkawy, Cock & Hernandez 1986; Whittington & Sinclair 1988; Davidson, True & Pate
1989). They were also thought to be inefficient nutrient users, showing generally high
concentrations of most macronutrients, while exhibiting very low rates of carbon gain
(Lamont & Southall 1982; Glatzel 1983; Schulze, Turner & Glatzel 1984; Ehleringer et al.
1985). This thesis was largely motivated by the consideration of this unique system where, for
mistletoes, the unit-costs are very low for accessing basic resources that otherwise are
essentially limiting and energetically expensive to acquire. Another fundamental aim was to
investigate whether these key aspects of the mistletoe-host relationship differ across different
habitats and climate zones.

Prior to this thesis, much of our understanding of mistletoe-host relationships was
based on studies of host-parasite physiology, typically local-scale studies of only one or just a
few mistletoe species (but see Ehleringer ef al. 1985; Ullmann et al. 1985). Essential aspects
of mistletoe resource economics had also gone understudied, such as herbivory rates, leaf
lifespan, nutrient resorption and anti-herbivory defence investment. Here I employed a
comparative, “functional ecology” approach, using a broad range of mistletoe species on an
intercontinental scale, to address these knowledge gaps. The purpose of this approach is to

search for robust generalities among species.
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In this chapter, I summarise and integrate key results from the four “data” chapters of
my PhD thesis. The findings are related to three main themes in the literature: (1) the leaf
economics spectrum, with regard to the evolution of functional trait adaptations; (2) the N-
parasitism hypothesis, and also the relevance of phosphorus; and (3) the mimicry hypothesis

and, more generally, host selection by mistletoes.

Functional trait trade-offs and adaptations

Mistletoes are unique plants and are expected to differ greatly from autotrophic plants,
particularly considering the efficiency with which they use nitrogen and water in
photosynthesis. I found consistent differences between mistletoes and hosts, largely regarding
water use and leaf morphological structure, and the consequences of these differences for
photosynthetic carbon gain.

Results from Chapters 2 and 3 showed that mistletoes exhibit higher gs, higher
instantaneous internal to external CO» concentrations (i : ¢,), and more negative §'>C (as a
proxy for long-term c; : ca). As noted by Stewart and Press (1990) and confirmed here, the
water and carbon economy of parasitic plants do not conform (to the same extent as their
hosts) with the optimization hypothesis for the maximisation of daily water use efficiency
(Cowan & Farquhar 1976; Cowan 1977). Mistletoes achieved a lower photosynthetic rate at a
given gs compared to their hosts (Chapter 3), which could be a result of higher intercellular or
mesophyll-driven resistance to the diffusion of COx. It is notable that their leaves show a
considerable level of succulence (with very low dry matter content: Chapter 5), because
increasing leaf succulence has been associated with increasing mesophyll resistance (Griffiths
et al. 2008; Griffiths 2013; Ripley et al. 2013).

Stomata operate to ensure the balance between CO: uptake and water losses (Wong,

Cowan & Farquhar 1979), and mesophyll-driven signals coordinate photosynthesis with
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stomatal behaviour. This relation is well documented, but a complete understanding of the
underlying mechanisms involved is still lacking (Lawson 2009; Lawson et al. 2014). The
concentration of CO> inside the leaf (c;) is determined not only by the stomatal aperture, but
also by the consumption of CO; for photosynthesis (Lawson et al. 2008). However, there is
some evidence that K™ and CI" ion channels in the guard cell might be at least as important in
controlling stomatal aperture as c; (Pandey, Zhang & Assmann 2007). Indeed, K was found in
high concentrations in mistletoe leaves, and it was even partially resorbed, while N was not
(Chapter 4), suggesting that K might have further importance for these plants.

In relation to respiration, its relatively high rate compared to photosynthesis in
mistletoes (Chapter 3) implies high maintenance costs for leaves and lower gross carbon gain.
However, the high respiration may be necessitated by the energetic costs of using
heterotrophic carbon transferred through the host xylem, and the maintenance of supposedly
larger ion gradients between cellular compartments.

Another marked difference I found between mistletoes and hosts was the lower SLA
in mistletoes (Chapter 3 and Chapter 5). Lower SLA can be a result of higher tissue density
(mass per volume) or higher thickness. In general, species with low SLA have lower Nmass and
photosynthetic rates (Reich, Walters & Ellsworth 1991; Reich, Walters & Ellsworth 1992;
Reich, Walters & Ellsworth 1997; Wright et al. 2004), implying that SLA acts modulating the
variation in photosynthesis with leaf N (Reich, Ellsworth & Walters 1998b). The reasons that
SLA affects photosynthesis-N relationship include differential allocation of N (Evans 1989;
Poorter & Evans 1998); limitations caused by internal self-shading (Terashima & Hikosaka
1995); and slow intercellular diffusion of CO, (Niinemets 1999). Photosynthesis scales with
SLA because lower SLA is associated with greater allocation to structural biomass, rather
than metabolic components (Vitousek, Field & Matson 1990; Reich, Ellsworth & Walters

1998a), imposing a physical limitation to achieve higher photosynthetic rates. Here I showed
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evidence that the lower SLA in mistletoes could be a result of having thicker, but softer,
leaves (Chapter 5). This accords with the finding that they achieved shorter LL for a given
SLA (Chapter 5) which, interestingly, previous work has shown to be generally true of
species from low rainfall regions (Wright & Westoby 2002).

Taken together, these results highlight the important implications of the hemiparasitic
lifestyle on leaf structure for mistletoes, limiting the carbon gain and modifying the
relationship between key traits (such as photosynthesis-N, photosynthesis-dark respiration,
photosynthesis-gs, and LL-SLA). More interestingly, this pattern is maintained across
multiple mistletoe species and between different habitats (Chapter 3). Understanding the
effect of variation in leaf structure has the potential to explain inconsistencies between leaf
structure, nitrogen and carbon relations (Reich, Ellsworth & Walters 1998b; Reich et al.
1999). The unique traits of mistletoes provide key insights into plant trait relations, allowing
for a more mechanistic interpretation of the limitations and drivers of these relationships, and

thereby to the improvement of the estimation of scaling leaf traits, globally.

Trait adaptations and environmental constraints

Regarding nutrient use efficiency, I found that mistletoes generally employed ecological
strategies to optimise nutrient use, such as extending leaf lifespan to enhance nutrient
proficiency (Chapter 4), investing in defence syndrome combinations (Chapter 5), and
resorbing some level of essential nutrients like P and K (Chapter 4).

Trait variability can be particularly intriguing considering both mistletoes and hosts,
because mistletoes may experience more relaxed selective pressure to optimise the use of
resources. Surprisingly, I found very strong evidence that mistletoes are responding similarly
to their hosts to environmental constraints. I showed this with respect to water availability in

Chapter 2, where I found that mistletoes become more conservative in their water use as
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aridity increases globally, as do host plants. On a smaller scale, when I compared wet and dry
sites in Chapter 3, I also found mistletoes exhibiting water saving strategies in dry sites,
suggesting that mistletoes are not completely inefficient in regulating water loss, as had once
been assumed (Hollinger 1983; Schulze, Turner & Glatzel 1984; Ehleringer, Cook & Tieszen
1986; El-Sharkawy, Cock & Hernandez 1986; Whittington & Sinclair 1988; Davidson, True
& Pate 1989).

Universal parasitic theories, such as the optimal virulence hypothesis, suggest that, for
obligatory parasites, there should be a balance of the virulence (i.e., reduction in host fitness)
to avoid host death and keep the parasite alive for longer periods of time (Levin & Pimentel
1981; Anderson & May 1982). To summarise, despite showing clear differences in general
traits to their hosts, mistletoes still adopt resource-conservative ecological strategies, possibly
in order to avoid driving their hosts and themselves to death, particularly in cases where hosts

are experiencing environmental constraints, such as water stress.

Implications for the N-parasitism hypothesis, and P-impoverishment

The N-parasitism hypothesis (Schulze, Turner & Glatzel 1984) posits that mistletoes are most
strongly limited by access to nitrogen. Hence, they should exhibit very high transpiration rates
in order to acquire sufficient N from the host xylem stream. This would result in lower water
use efficiency (WUE) in relation to their hosts, particularly when N concentration in the host
xylem is low. However, in the global analysis in Chapter 2, mistletoes growing on hosts with
higher Niass, or those growing on N-fixing hosts (which is proxy indicator of higher xylem
nitrogen concentration) did not show more similar WUE to their hosts than mistletoes
growing on low-N hosts. This suggests that higher N in the host xylem does not influence

WUE in mistletoes, and provides evidence against the N-parasitism hypothesis.
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Although N and P resorption efficiency is normally coupled (Aerts 1996), nutrient
resorption patterns are a good indication of nutrient availability and limitation. In low-P soils,
plant species tend to resorb P more efficiently than N (Wright & Westoby 2003), while for
plants with higher P than the normal range, P resorption is reduced (Chapin III & Moilanen
1991). Therefore, the fact that mistletoes did not show N resorption, but did show a
considerable degree of P resorption (Chapter 4) is a very strong indication that, at least for
Australian and Brazilian low-P soils, N is not the most limiting nutrient for these plants. In
addition, it raises the possibility that the most limiting nutrient is in fact P — as evidenced by
its uncoupled resorption with N (Chapter 4). Indeed, perhaps on these low-P soils, it could be
the need for P (along with heterotrophic C) that largely drives the high transpiration rates in
mistletoes, hence the concept of “P-parasitism” (rather than “N-parasitism’) should be
considered. More broadly, mistletoes as well as hosts from low-rainfall sites showed
increased P on both an area and mass basis (Chapter 3), suggesting a potential role for leaf P
in enhancing water use efficiency. However, this topic remains poorly understood and further
work is required, particularly considering future climate change scenarios in P-impoverished

soils.

Implications for the mimicry hypothesis

The evolution of mimicry in natural systems has puzzled scientists for centuries (Bates 1862;
Miiller 1879; Pasteur 1982), providing some of the best examples of natural selection.
Resemblance of parasite leaves to host leaves was an old idea (Drummond 1840; Hemsley
1896) brought back into light by Barlow and Wiens (1977). By mimicking their hosts,
mistletoes could afford to have higher leaf N concentration and avoid vertebrate herbivory
(Barlow & Wiens 1977; Ehleringer et al. 1986; Bannister 1989). However, some small scale

studies have raised some concerns regarding this hypothesis, particularly whether mimicry
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has any fitness benefit for the mistletoe (Canyon & Hill 1997; Schaefer & Ruxton 2009), or
even whether mimicry truly exists (Blick, Burns & Moles 2012), and no convincingly
systematic test has been perfomed to demonstrate its validity.

In Chapter 2, I showed that mimicry might be associated with N-fixing hosts, as
mimic mistletoes only showed higher N concentration than their hosts when growing on N-
fixing hosts. I suggested that it might be a result of N-fixing hosts investing more heavily in
N-based anti-herbivore defences, fulfilling the conditions of Batesian mimicry (i.e., the
palatable mimic modelled on the unpalatable host). Indeed, in Chapter 5 I found that highly-
mimic mistletoes were associated with alkaloid-positive hosts, suggesting that mimicry in
Australian mistletoes makes it unnecessary to invest heavily in N-expensive defences, such as

alkaloids.

Future directions and the relevance of understanding mistletoe functioning

Parasitic plants are widely ignored in the study of plant communities, despite constituting a
substantial part of it. The literature on parasitic plants is extensive but largely focused on the
relatively small number of hemiparasites that have some sort of economic importance (Bell &
Adams 2011), such as the root parasite Sandalwood (Santalum sp.), used in the cosmetic
industry; and the mistletoe Viscum album, used to treat symptoms of cancer. However,
parasitic angiosperms offer an array of potential applications in varied fields that are still
evolving, and the understanding of mistletoe functioning should continue to generate insights
into unsolved issues in general plant ecophysiology. Although this thesis certainly contributes
to this enterprise, various additional aspects of the mistletoe-host system could usefully be
considered in future work. For example, from a leaf-level perspective, mistletoes can be

valuable models to explore:
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The role of mesophyll resistance and leaf morphological traits in photosynthetic
limitations;

e Leaf venation, succulence and the implications of leaf hydraulic architecture for

water relations;

¢ The effect of potential access to host-derived secondary metabolites;

e Maintenance costs of cellular ionic gradients, in relation to dark respiration;

e Limitation of nutrients and the mechanisms behind a plant ability to cope with

nutrient imbalance or accumulation of heavy metals;

e The function of K* in stomatal aperture control;

e Heterotrophic carbon gain;

¢ Nitrogen allocation to different functions.

The contribution of mistletoes to the vegetative community can vary, and studies are
needed to verify the impact of mistletoes on hosts, and on ecosystems. There is a need to
understand the significance of mistletoes for the plant communities, particularly regarding
their contribution to biomass, nutrient cycling and population dynamics, and their effects on
the economy of hosts. Mistletoes are known to affect host foliage area, hydraulic
conductivity, sap mineral concentration (Tennakoon & Pate 1996), growth, reproduction,
allometry (Silva & del Rio 1996; Press & Phoenix 2005), and ratio of sapwood to foliage area
(Meinzer, Woodruff & Shaw 2004). In addition, mistletoes can affect host respiration and
photosynthetic rates (Wanner & Tinnin 1986; Sala, Carey & Callaway 2001; Meinzer,
Woodruff & Shaw 2004). Hosts can compensate for the extra sink resulting from
hemiparasites by altering carbon allocation, increasing Rubisco content, increasing leaf area,
or even delaying leaf senescence (Watling & Press 2001). Further investigations are essential

for understanding how mistletoes influence host trait relationships, and if these effects vary
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predictably across environments. At a broad ecosystem scale, mistletoes provide insight into
different topics, such as:
e The effect of xylem-tapping parasites on carbon, nutrient and water relations of
hosts, and the impact of this on the plant community’s structure and composition;
¢ The influence of mistletoes on soil and ecosystem processes (Press 1998; Press &
Phoenix 2005), such as impacts on nutrient cycling, soil moisture, and host’s
arbuscular mycorrhiza colonisation. Particularly, the impact of quality and
quantity of litter in nutrient cycling of natural ecosystems;
e The response of parasitic plants and their hosts to climate change;

e QGeneral parasitology theories of host selection and host resistance.

General Conclusion

In this thesis, I investigated several aspects of the mistletoe-host system, partially fulfilling
the need for more field studies of parasitic plants in natural communities, noted by Pennings
and Callaway (2002). Little support was found for the N-parasitism hypothesis in a global
context, and in three P-impoverished sites, where the lack of N resorption suggests that N is
not a limiting nutrient for mistletoes. Moreover, natural selection may have favoured P
resorption processes in mistletoes occurring in P-impoverished habitats. My thesis shows, for
the first time, that mistletoes and hosts have similar responses to precipitation and moisture
index gradients, by considering water and nitrogen use in a global context, and by comparing
photosynthetic trait adaptations in wet and dry sites. I also showed evidence that tannins are
transferred from hosts, as well as differences in defence syndromes and trait trade-offs
between mistletoes and hosts. I provided evidence that the evolution of mimicry in Australian
mistletoes could be associated with higher N availability in the hosts and with alkaloid-

positive hosts, illustrating a case of Batesian mimicry. In summary, I provided insights into
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functional trait adaptation to aridity, N and P function and limitation, nutrient resorption
patterns, and the fundamental role that secondary compounds play in host selection, especially

in the case of mimic mistletoes in Australia.
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