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Abstract

Trade-offs between photosynthesis and the costs of resource capture inform economic strategies of plants across environmen-
tal gradients and result in predictable variation in leaf traits. However, understudied functional groups like hemiparasites that
involve dramatically different strategies for resource capture may have traits that deviate from expectations. We measured
leaf traits related to gas exchange in mistletoes and their eucalypt hosts along a climatic gradient in relative moisture supply,
measured as the ratio of precipitation to pan evaporation (P/E,), in Victoria, Australia. We compared traits for mistletoes
vs. hosts as functions of relative moisture supply and examined trait—trait correlations in both groups. Eucalypt leaf traits
responded strongly to decreasing P/E,,, consistent with economic theory. Leaf area and specific leaf area (SLA) decreased
along the P/Ep gradient, while C:N ratio, leaf thickness, N per area, and 8'3C all increased. Mistletoes responded overall less
strongly to P/E, based on multivariate analyses; individual traits sometimes shifted in parallel with those of hosts, but SLA,
leaf thickness, and N per area showed no significant change across the gradient. For mistletoes, leaf thickness was inversely
related to leaf dry matter content (LDMC), with no relationship between SLA and mass-based N. In mistletoes, reduced
costs of transpiration (reflecting their lack of roots) and abundant succulent leaf tissue help account for observed differences
from their eucalypt hosts. Trait-based analysis of atypical functional types such as mistletoes help refine hypotheses based
on plant economics and specialized adaptations to resource limitation.
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Introduction and light combined with the energetic trade-offs involved

in maximizing whole-plant growth and competitive ability

Over evolutionary time, plants have developed a wide
array of ecological strategies to maximize growth and fit-
ness in response to climate and resource availability. Broad
environmental gradients in water, nutrients, temperature,
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(Givnish 1979, 1986b; Mooney and Gulman 1979; Tilman
1988; Buckley et al. 2002; Walker et al. 2014), result in a
spectrum of co-varying morphological and physiological
traits (Reich et al. 1998; Westoby et al. 2002; Wright et al.
2004; Reich 2014; Kramer-Walter et al. 2016; Bruelheide
et al. 2018). Different resource allocation patterns and leaf,
stem, and root traits maximize growth under different envi-
ronmental conditions, giving rise to a diversity of growth
strategies. These strategies can be categorized as running
from “slow” to “fast”—where “slow” plants make efficient
use of scarce water and nutrients but grow slowly, while
“fast” plants allocate more resources to growth-promoting
processes but use resources less efficiently. The slow—fast
economic spectrum is remarkably consistent across envi-
ronments and taxonomic groups (Wright et al. 2004; Diaz
et al. 2016). Both within and among species, multiple leaf,
stem, and root traits exhibit coordinated economic and
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environmental responses (Givnish 1986b, 2002; Vile et al.
2005; Reich 2014). The study of trait—trait relationships
like these within and among species and life forms can
identify key economic trade-offs that separate ecological
strategies, while trait—-environment relationships can help
us understand plant adaptations to resource availability
following environmental gradients (Wright et al. 2005;
Reich et al. 2007; Sfmova et al. 2018).

Water is a limiting resource for many land plants. Leaves
display numerous adaptations to reduced water supply and
increased evaporative demand, including thicker and nar-
rower leaves, lower stomatal conductance, higher reflec-
tance, and increased incidence of CAM or C, photosynthetic
pathways (Givnish and Vermeij 1976; Cowan and Farquhar
1977; Ehleringer and Mooney 1978; Givnish 1979, 1986b;
Medlyn et al. 2011; Osborne and Sack 2012; Crayn et al.
2015; Murray et al. 2019). These traits reduce water loss but
at the cost of reduced photosynthesis, so adaptation requires
maximizing the difference between photosynthetic benefits
and transpirational costs to maximize whole-plant growth
and competitive ability—the economics of gas exchange
(Givnish 1986b). Transpiration becomes more costly as
water becomes scarcer because greater allocation to roots
is required or lower leaf water potential reduces photosyn-
thetic capacity. Consequently, as water supply declines and
the costs of replacing water lost to transpiration increase, we
would expect leaf thickness and reflectance to increase and
stomatal conductance to decrease to maximize net whole-
plant carbon uptake (Givnish 1979, 1986b; Wright et al.
2001). In general, such leaf adaptations reduce whole-plant
growth as moisture supply declines. Plants in drier habitats
typically have thicker leaves that contain more nitrogen per
unit area (Cunningham et al. 1999; Wright et al. 2004; Pren-
tice et al. 2011), as expected from the linked optimization of
water and nitrogen use (Buckley et al. 2002).

Despite widely recognized trait patterns across plants
globally, co-occurring life forms can vary considerably in
their trait—trait relationships (Santiago and Wright 2007) and
in how traits respond to environmental gradients (Schellen-
berger Costa et al. 2018). Here, we consider whether hemip-
arasitism in mistletoes alters trait—trait and trait—environment
relationships by changing the economic trade-offs facing
plants. Mistletoes are aerial stem hemiparasites including
some 1,500 species in three families of Santalales found on
all continents except Antarctica (Mathiasen et al. 2008). In
place of roots, mistletoe xylem is connected to that of their
hosts via haustoria, specialized structures that allow redi-
rection of water and nutrients into the mistletoe (Mathiasen
et al. 2008). Mistletoes, thus, avoid the carbon and nutrient
costs of roots (Givnish 1986a), as well as the carbon costs of
extensive stem construction to reach the light environment
of the forest canopy (Té&Sitel 2016). Their carbon budgets
may be supplemented through acquisition of heterotrophic
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carbon from hosts (Marshall and Ehleringer 1990; Marshall
et al. 1994).

In parallel with differences in water acquisition, mis-
tletoes generally transpire faster at a given rate of photo-
synthesis (Schulze and Ehleringer 1984; Ullmann et al.
1985; Ehleringer et al. 1985), have shorter leaf lifespans
(March and Watson 2007), and have succulent leaf tissue
with high water content (Popp et al. 1995; Glatzel and Geils
2009). High transpiration and stomatal conductance at a
given photosynthetic rate in mistletoes have been posited
to reflect adaptation for either nitrogen piracy from the
host xylem stream (Schulze et al. 1984) or the low costs
of transpiration in rootless plants (Givnish 1986a). Despite
such physiological differences, there is often considerable
visual similarity between the leaves of mistletoes and their
hosts, leading some to suggest that mistletoe leaf form is
occasionally driven by mimicry of host leaves as crypsis
against vertebrate herbivory (Barlow and Wiens 1977). Leaf
mimicry could cause similarities between mistletoe and host
leaves for some traits and may lead them to respond to envi-
ronmental conditions in similar ways. Even so, based on
the economics of gas exchange, mistletoes should exhibit
trait—trait and trait-environment relationships that differ in
specific ways from those seen in non-hemiparasites.

Previous studies on trait-environment responses in mis-
tletoes vs. hosts (e.g., Scalon and Wright 2017) were not
conducted along spatially continuous environmental gradi-
ents, precluding powerful analyses in a regression frame-
work. Past research indicates that mistletoes exhibit more
transpiration and respiration at a given photosynthetic rate
than their hosts (Kiippers 1992; Scalon and Wright 2017)
and weaker responses of stomatal conductance to aridity
(Ullmann et al. 1985). However, many trait—trait relation-
ships remain unexamined and we lack a complete under-
standing of how hemiparasitism affects economic trade-offs
that underlie trait responses to the environment.

Here, we compare leaf functional traits in mistletoes and
their Eucalyptus (Myrtaceae) hosts in response to a climatic
gradient of relative moisture supply from tall wet sclerophyll
forest and temperate rainforest to arid mallee in Victoria,
Australia (Fig. 1). We quantified relative moisture sup-
ply as the ratio of annual precipitation to pan evaporation
(P/E,; Givnish et al. 2014). This metric reflects water stress
induced by both declining rainfall and increasing evapora-
tive demand. Relative moisture supply strongly influences
eucalypt leaf traits such as specific leaf area, leaf thickness,
photosynthetic rate, and water-use efficiency (Warren et al.
2006; Cernusak et al. 2011; Givnish et al. 2014). We ask
two core questions: (1) Do mistletoes differ from eucalypts
in their leaf traits and the steepness of trait responses to
P/E, —that is, do mistletoes and eucalypts differ in their
trait—environment relationships; and (2) Do trait-—trait
relationships in mistletoes and eucalypts show evidence
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Fig. 1 Map of study sites in
Victoria, Australia, includ-
ing a Rubicon State Forest,

b Pyrenees State Forest, ¢
Bealiba—Barp State Forest, d
Little Desert National Park,
and e Hattah State Forest/
Hattah-Kulkyne National Park.
Background indicates relative
moisture supply gradient in
terms of P/E,, ( modified from
Givnish et al. 2014)

of different economic strategies driven by differences in
resource acquisition and use?

We focused our analysis on leaf traits related to gas
exchange: carbon isotope ratio (8'°C), leaf area, specific leaf
area (SLA), leaf dry matter content (LDMC), leaf thickness,
leaf nitrogen per mass and per area (N, and N,,.,, respec-
tively), leaf chlorophyll per area, and carotenoid:chlorophyll
ratio. Based on the economics of gas exchange, eucalypt
traits should generally respond more steeply than mistle-
toe traits to increases in relative moisture supply, including
steeper increases in leaf area, SLA, N, and chlorophyll
content, and steeper declines in leaf thickness, LDMC, C:N
ratio, and 8'3C. These dampened responses of mistletoes to
P/E, should arise due to their lower costs of transpiration.
The slopes of trait—trait relationships in mistletoes should
differ from those in eucalypts based on lower investments
in water and nutrient acquisition by hemiparasites. Mistle-
toe succulence should also contribute to differences in leaf
construction.

Methods
Study location

Our study sites followed a climatic aridity gradient in Vic-
toria, Australia (Fig. 1). Victoria has three advantages for
studying mistletoe vs. host responses to aridity: (1) rainfall
and evapotranspiration change quite substantially over short
distances; (2) several species of mistletoes and eucalypts are
native to the area; and (3) native Eucalyptus species there
diverged across rainfall regimes over a wide range of times
(~0.5-50 Mya Thornhill et al. 2019) making it unlikely that
trait differences among eucalypts are strongly constrained

by phylogeny.

100 miles

100 kilometers

In August 2018, we collected leaf samples from 55 mis-
tletoe—host pairs (Table S1), including four species of mistle-
toes (Amyema miraculosum, A. miquelii, A. pendula, Muel-
lerina eucalyptuoides [Loranthaceae]) and 17 of Eucalyptus
(E. arenacea, E. dives, E. dumosa, E. gracilis, E. leptophylla,
E. leucoxylon, E. macrocarpa, E. macrorhyncha, E. melli-
odora, E. polyanthemos, E. radiata, E. regnans, E. tricarpa,
E. viminalis, and three unidentified species), at nine well-
drained, upland sites in five state forests and national parks
that span a substantial gradient in relative moisture supply
(Table 1). Research was permitted under permit NW11041F
for Victoria State Forests and permit 10008794 for Victorian
National Parks. We defined relative moisture supply as the
ratio of mean annual precipitation (P) to annual pan evapo-
transpiration (Ep); P/Ep is, in essence, an index of moisture
supply relative to demand, and an inverse measure of aridity.
To calculate P/Ep, we used GPS coordinates for each mis-
tletoe—host pair to obtain mean annual precipitation from
WorldClim (Fick and Hijmans 2017) and mean annual pan
evaporation (Australian Bureau of Meteorology 2016). The
layers have spatial resolution of 30 s for precipitation and
0.25 degrees for pan evaporation. Across our study sites,
P/E, increased more than eightfold from northwest to the
southeast.

Sample collection

We haphazardly selected mistletoe—host pairs along road-
sides at each site. To collect leaves, we launched weight
bags attached to a line by hand or slingshot over infected
tree branches with sun-exposed leaves, and then pulled
mistletoe and eucalypt branches to the ground. Eucalypt
leaves were always collected from the mistletoe host plant,
but not always from the same branch infected by the mis-
tletoe. From each branch, we collected five healthy, fully
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Table 1 Site vegetation and climate characteristics at (A) Rubicon State Forest, (B) Pyrenees State Forest, (C) Bealiba—Barp State Forest, (D)
Little Desert National Park, and (E) Hattah State Forest/Hattah-Kulkyne National Park

Site

Vegetation

Coordinates

A —upper elevation
A — mid elevation
A — lower elevation

Temperate rainforest
Temperate rainforest
Woodland

37°19'S 145°54'E
37°18'S 145°53'E
37°17'S 145°52'E

B — upper elevation Woodland 37°03'S 143°15'E
B — lower elevation Woodland 37°02'S 143°16'E
C Woodland 36°43'S 143°36'E
D Mallee 36°27'S 141°39'E
E — east site Mallee 34°44'S 142°19'E
E — west site Mallee 34°44'S 142°10'E

Elevation (m) ~ MAT(°C) ~ MAP(mm)  PET (mm)  P/E,

731 11.0 1565 1102 1.421
495 11.7 1377 1153 1.194
368 13.1 1018 1153 0.883
500 12.6 739 1411 0.524
363 13.2 662 1411 0.469
293 14.0 557 1462 0.381
156 14.3 461 1604 0.287
56 16.6 332 1967 0.169
43 16.7 326 1967 0.166

expanded leaves. Flowers or fruits, if present, were collected
to aid in species identification. All samples were placed in
plastic bags and kept in insulated containers prior to trait
measurements.

Leaf trait measurements

We measured leaf thickness (mm), leaf area (cm?), specific
leaf area (cm? leaf area g~! dry mass), leaf dry matter con-
tent (mg dry mass g~ fresh mass), leaf N per mass (g N g~
dry mass), leaf N per area (g N cm™ leaf area), leaf C per
mass (g C g~! dry mass), C:N ratio (g C g~! N), 8'°C, 8N,
chlorophyll content index, and carotenoid:chlorophyll ratio
index. We also calculated leaf density (g dry mass cm™>)
and saturated water content ([g fresh mass—g dry mass]/g™!
dry mass). Using fresh leaves, we measured leaf thickness
in three places along the lamina using a thickness gauge
micrometer (B.C. Ames). To determine SLA, each dried leaf
was weighed and area calculated from a photograph of the
fresh leaf using ImageJ (version 1.52 h, National Institutes
of Health). Photos were corrected for lens distortion using
PTLens (ePaperPress). To provide proxies for chlorophyll
concentration and carotenoid:chlorophyll ratio, we calcu-
lated the modified normalized difference index (mND5s)
and photochemical reflectance index (PRI) (Sims and
Gamon 2002). These indices use % leaf reflectance at 445,
531, 570, 705, and 750 nm, which we measured on both
sides of each fresh leaf using a UniSpec spectral analyzer
(PP Systems). mND;,s shows a positive, plateauing response
to chlorophyll concentration per unit area; PRI decreases
linearly with the carotenoid:chlorophyll ratio (Sims and
Gamon 2002).

After initial measurements, leaves were dried in silica
gel and transported to Wisconsin, USA where they were
oven-dried at 50 °C for 72 h, then weighed on a Mettler
Toledo analytical balance. After drying, one leaf per plant
was randomly selected for elemental analysis. We prepared
each sample by grinding in a Wiley Mill, packing 3-5 mg
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of leaf grounds in tin capsules, and sending them to the
Idaho State University Stable Isotope Lab for leaf carbon,
nitrogen, 8'°C, and 8'°N analysis. Analyses used a 2010
ThermoFisher Delta V Plus continuous flow isotope ratio
mass spectrometer coupled with ConFlo IV/EA, TC/EA, and
GasBench II.

Analysis

We used principle components analysis (PCA) to assess
multivariate trait differences between mistletoes and euca-
lypt hosts, aggregated across climatic conditions. Traits
with multiple values per individual were averaged before
entry into the PCA. Leaf density and saturated water content
were excluded because they re-expressed other variables. We
tested for differences in centroids between life forms using
permutational analysis of variance (PERMANOVA). To test
whether mistletoes or eucalypts varied more across all traits,
we calculated convex hull volume of the PCA points for
each group using the significant PC axes and the convhulln
function from the ‘geometry’ package (Roussel et al. 2019)
in R. PCA was performed using the prcomp function in R
using scaled and centered trait values. We tested correlation
between each PC axis and P/E,, using Pearson’s product-
moment correlation.

We used linear mixed effects models to test for significant
responses of leaf traits and PC axes to P/E, for each life
form. We evaluated variation in each trait, PC1, and PC2
separately using P/E_, life form (mistletoe or eucalypt), and
their interaction as fixed effects. We included random effects
of mistletoe—host pair identity, site, and species to account
for nonindependence in the sampling design. Where neces-
sary, trait values were log-transformed to meet assumptions
of normality. We fitted models using the R package ‘lme4’
(Bates et al. 2019).

We used standardized major axis regressions (SMA;
Warton et al. 2006) to assess whether trait—trait relation-
ships differed significantly between eucalypts and mistletoes.
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We assessed differences in slopes for various relationships
among SLA, LDMC, leaf thickness, N, Nyreqr and 8'°C
in mistletoes and eucalypts along with whether the slopes
of N, and 8'°C in mistletoes vs. their eucalypt hosts dif-
fered from one and intercepts differed from zero (i.e., do leaf
nutrients in individual mistletoes vary from those of the host
tree they occupy). All SMA analyses were conducted using
the R package ‘smatr’ (Warton et al. 2012).

Finally, we used variance partitioning to examine differ-
ences in intraspecific variation between mistletoes and euca-
lypts to assess the sources of trait variation in each group.
We used the R packages ‘nlme’ (Pinheiro et al. 2020) and
‘ape’ (Paradis et al. 2019) to partition the variance composi-
tion of each trait within each lifeform among species, within
species, and within individuals. We also calculated the total

percent variation within lifeforms for each trait.

Results
Trait-environment relationships

Responses of eucalypt traits to the P/E;, gradient largely
matched theoretical predictions and empirical patterns for
other fully autotrophic plants. Specifically, eucalypts show
significant increases in SLA and N, with increasing P/E,
and significant declines in LDMC, §'°C, and N, (Fig. 2;
Table S2). Eucalypts also showed substantial but statistically
insignificant increases in leaf area with P/Ep, and similar
declines in leaf C:N and 8'° N. Mistletoes show the same
directionality of P/E, responses as eucalypts in six of 12
traits: for leaf area, '°C, and 8'> N, the trends were signifi-
cant, while those for LDMC, N,,..., and C:N were not.

Mistletoe P/E, responses deviated significantly from
those of eucalypts for five traits (Fig. 2; Table S2). We found
significant interactions between P/E and life form for SLA
(t="17.54, P<0.001), leaf thickness (r=— 5.99, P<0.001),
and N, (t=—4.49, P<0.001), where mistletoes showed
no significant response to P/E,. There were also significant
interactions for the chlorophyll index (r=— 7.05 P <0.001)
and carotenoid:chlorophyll index (r=3.93, P <0.001), where
mistletoes responded more steeply to P/E, than eucalypts.
LDMC, N, 8'3C, and C:N ratio differed significantly
between lifeforms (LDMC: t=4.87, P<0.001; N ,:
t=8.62,p<0.001; 8'°C: t=5.98, P=0.003; C:N: r=— 8.68,
P<0.001).

When mistletoes and hosts were considered together, 8'°C
and C:N ratio responded weakly to the P/E, gradient (6"3C:
t=—2.25,P=0.05; C:N: t=—2.44, P=0.03), while LDMC
and N, did not show significant responses. Leaf area and
85N were similar for both life forms and responded signifi-
cantly to P/Ep (leaf area: r=3.11, P=0.01; 8N: r=—2.68,

P=0.02). Carbon content showed no response to life form
or P/E, (full results are presented in Table S2).

Mistletoes and eucalypts also showed differences in
multidimensional trait space. The first principal compo-
nent axis accounted for 48.0% and the second axis 19.5%
of overall trait variance; only these axes made significant
contributions to trait variation (Fig. 3a). Leaf thickness
and the carotenoid:chlorophyll index increased with PC1,
while V., %C, and chlorophyll content decreased. LDMC
and 8'3C increased with PC2, while leaf area and SLA
decreased. Mistletoes and eucalypts showed significant dif-
ferences in centroids (PERMANOVA: f=113.44, P <0.001).
Eucalypt leaves occupied slightly (13.3%) more trait space
than mistletoes (convex hull area: eucalypts=11.9, mistle-
toes =10.4), primarily reflecting the greater range of euca-
lypts on PC2. P/E, was correlated with both axes, albeit
more strongly with PC2 (r=— 0.70, P <0.001) than PCl1
(r=-10.20, P=0.04). PC2 reflected significant interactions
between P/E, and life form, with eucalypts showing a steeper
response and PC2 being more strongly correlated (Fig. 3c).
PC1 showed significant responses to both life form and P/E,,,
with mistletoes and eucalypts showing essentially the same
steepness of response to P/E, (Fig. 3b). Thus, overall, mis-
tletoes exhibited a more muted multivariate trait response to
P/E, than eucalypts.

Trait-trait relationships

Mistletoe and eucalypt leaves also differed in relationships
between traits. Leaf thickness declined with SLA for both
groups but declined more steeply in eucalypt leaves (Fig. 4a)
than in mistletoes. Eucalypts also showed a stronger decline
in LDMC with SLA (Fig. 4b). LDMC for mistletoe leaves
was consistently less than that of eucalypt leaves for a given
thickness, confirming that mistletoes had low leaf tissue
density and greater saturated water content, that mistletoes
stored 50-100% more water per unit leaf mass, and that
(surprisingly) saturated water content in both mistletoes
and eucalypts increased with P/E,, (Fig. S2). Mistletoes and
eucalypts displayed opposing relationships between leaf
thickness and LDMC (Fig. 4c). Leaf thickness increased
with LDMC in eucalypts and decreased in mistletoes. SLA
increased significantly with N . in eucalypts but not in
mistletoes (Fig. 4d). Arguably, however, mistletoes and
eucalypts were part of the same data cloud, showing a posi-
tive relationship of SLA to N, 8'°C varied significantly
with both SLA (Fig. 4e) and N, (Fig. 4f) in eucalypts but
showed no significant change in mistletoes.

N, of mistletoe leaves was consistently less than
that of their hosts, and significantly but weakly related
to host N, (Fig. 5a), with a slope significantly less
than 1 (P=0.003) indicating a greater divergence from
host leaves with high N Mistletoe §'3C increased

mass*
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Fig.2 Leaf traits of eucalypt
hosts (triangles) and mistletoe
hemiparasites (circles) along

a gradient in relative moisture Euca|ypt Mistletoe

supply represented by P/E,, for
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significantly and more strongly with that of eucalypt hosts,
but the slope of that relationship was also significantly less
than 1 (P=0.005; Fig. 5b). Differences between hosts and
mistletoes increased at higher values of 8'*C and N,

corresponding to greater divergence in N, under wetter
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Precipitation/Pan Evaporation (mm/mm)

conditions, and greater divergence in 8'>C under drier
conditions. We found no significant relationship between
8'°C and N, , within either group, between host N and
mistletoe §'3C, or between the host—mistletoe 8'3C differ-

ence and host NV, (Fig. S1).

mass
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Fig. 3 a Principal components
analysis of leaf traits in mis-
tletoes (circles) and eucalypts
(triangles). The first two axes
represent 71.1% of the variation
across nine leaf traits. Arrows
represent the relative magnitude
of correlation between each PC
axis and each trait. b Correla-
tions between PC1 and P/Ep
gradient, showing significant
difference between mistletoes
and eucalypts (t=— 17.90
P<0.001) and a weak effect

of P/IE, (1=-3.39, P=0.008).
¢ Correlations between PC2
and P/E, gradient, showing a
significant interaction between

‘.

Eucalypt Mistletoe

®_ (©

> B> >

lifeform and P/E, (1= 3.94, 2 0
P=0.002)

Finally, intraspecific variation in mistletoes was higher
than in eucalypts, and mistletoes showed particularly high
variability within individuals, while eucalypts tended to
show greater variation among species (Fig. S3A-B). Over-
all levels of trait variation in each group were similar (Fig.
S30).

Discussion

Our results reveal both consistent and contrasting patterns
in mistletoes vs. eucalypt hosts in response to moisture
availability. While both groups showed similar responses
to relative moisture supply in some traits, such as 8'°C and
leaf area, indicating a shift to more conservative water use
and reduced carbon gain in drier regions, other traits, such
as SLA and N,,, revealed opposing patterns between life-
forms. Trait—trait relationships also showed some similari-
ties in mistletoes and eucalypts (e.g., SLA vs. N,.), as well
as some striking differences (e.g., SLA and leaf thickness
vs. LDMC and SLA vs. 8'3C) which appear to implicate
differences in leaf construction. In what follows, we explore
potential explanations for these similarities and differences,
including the role of transpiration in N capture, the cost of
acquiring water, and the significance of succulent leaf tissue
in mistletoes.

Consistent trait responses to relative moisture
supply

Mistletoes and eucalypts showed similar responses to rela-
tive moisture supply (P/E,) for four traits (8'3C, leaf area,
C:N ratio, 8'°N) and a similar trend in N, (Fig. 2). Most of
these patterns can be understood in terms of the economics
of gas exchange and hydraulic adaptations. Both lifeforms

PC1 (47.0%)

2 4 05 10 05 1.0
P/Ep (mm/mm) P/Ep (mm/mm)

showed less negative 8'°C values under drier conditions,
corresponding to lower average stomatal conductance rela-
tive to photosynthetic capacity (Farquhar et al. 1982). §!°C
declines with increasing precipitation worldwide (Kohn
2010; Prentice et al. 2011; Givnish et al. 2014), a pattern
consistent with optimizing the balance of transpiration and
photosynthesis (Givnish and Vermeij 1976; Cowan and Far-
quhar 1977). Yet, mistletoes maintained more negative val-
ues of 8'°C than their hosts across all sites, suggesting that
they maintain a higher stomatal conductance than their hosts
under any given condition (Ullmann et al. 1985; Scalon and
Wright 2017).

Worldwide, leaf area shows a positive relationship with
annual precipitation. Smaller leaves have a thinner bound-
ary layer, which aids in convective cooling at drier, sunnier
sites, while plants at wetter sites have lower transpirational
costs associated with evaporative cooling, allowing for larger
leaves (Givnish and Vermeij 1976; Cunningham et al. 1999;
Wright et al. 2017). Both lifeforms follow this pattern. The
lack of a difference in leaf area between lifeforms at any
P/E, is surprising, however, given the lower transpirational
costs expected in mistletoes.

Both groups also displayed decreasing C:N ratios with
P/E,,. This pattern may relate either to evolution of thicker
cell walls and/or smaller cell diameters to avoid cell col-
lapse under more negative water potentials in drier areas
or to selection for greater leaf N at wetter sites (Givnish
1978; Givnish et al. 2014). While we observed trends toward
higher leaf N at higher P/E, in both lifeforms, they were
not significant. Variation in N, is directly related to SLA
and N, Viass =Narea™SLA), both of which showed the
expected shifts with P/E, in eucalypts but not in mistletoes
(Fig. 2b, h). Finally, in fully photosynthetic plants, higher
8'°N values are observed globally in areas of lower annual
rainfall, apparently due to increased loss of N (and thus,
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Fig.4 Trait—trait correlations
in mistletoes (circles) and
eucalypts (triangles) based on
standardized major axis regres-
sion for: a leaf thickness and
SLA (mistletoe slope=— 1.55,
R*=0.55, P<0.001, eucalypt
slope=— 0.66, R2=0.86,
P <0.001; slope difference:
LR,=270.3,, P<0.001); b
LDMC and SLA (mistletoe
slope=0.81, R?=0.02, P=0.01,
eucalypt slope=— 0.30,
R*=0.64, P<0.001; slope
difference: LR ;=182.0;,
P<0.001); c leaf thick-
ness and LDMC (mistletoe
slope=—1.92, R2=0.54,
P <0.001, eucalypt slope=2.19,
R*=0.36, P<0.001; slope dif-
ference: LR ;;/=4.22, P=0.04);
d SLA and N, (mistle-
toe slope =0.46, R2=0.04,
P=0.14, eucalypt slope =0.63,
=0.17, P=0.002; slope
difference: LR ;,=2.55,,
P=0.11); e 8"°C and SLA
(mistletoe slope =0.05,
=0.003, P=0.66, eucalypt
slope=— 0.07, R>=0.44,
P <0.001; slope difference:
LR%{_ 5.18,;, P=0.02); and
£58'°C and N, (mistletoe
slope=— 16.33, R2=0.01,
P=0.46, eucalypt slope=15.08,
R*=0.35, P<0.001; slope dif-
ference: LRdf= 0.19,, P=0.66)
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Fig.5 Difference within euca-
lypt-mistletoe pairs based on
standardized major axis regres-
sion in a N, (slope=0.66,
R*=0.09, P=0.03, slope
different than 1: P=0.003) and
b 8'3C (slope=0.73, R?=0.48,
P <0.001, slope different than
1: P=0.005). The dashed line
demarks no difference within
eucalypt—mistletoe pairs

Mistletoe Npass

(b) ¢

-2.6

Mistletoe 5'°C
.28

_3.0

Eucalypt Nmass

preferential retention of '°N) in drier sites due to greater
ammonium volatilization, nitrification, and/or denitrification
(Craine et al. 2009). Both lifeforms follow this pattern and
the lack of difference in !N between them indicates that
mistletoes rely on the same sources of nitrogen as their hosts.
Trait differences between lifeforms
Four traits (LDMC, C:N ratio, N, 8'°C) showed clear
differences between mistletoes and eucalypts, whether or
not they responded to P/E; another five (SLA, leaf thick-
ness, N, chlorophyll index, carotenoid:chlorophyll index)
showed a significant interaction between lifeform and P/E;,
(Fig. 2). These differences—as well as most differences in
trait—trait relationships between lifeforms (Fig. 4)—trace
back to the succulence of mistletoe leaves, with abundant
water storage tissue (Popp et al. 1995; Glatzel and Geils
2009). Mistletoes had thicker leaves with lower LDMC and
SLA than eucalypts—and higher C:N—across the entire
gradient, with lower leaf density and higher saturated water
content, suggesting that these traits in mistletoes reflect
abundant, thin-walled, N-poor water storage tissue. High
LDMC in eucalypts may also reflect selection for thick cell
walls and tough leaves to deter herbivory on nutrient-poor
substrates; lower LDMC in mistletoes supports previous
reports of short leaf lifespans (March and Watson 2007) and
poor defenses against herbivory (Canyon and Hill 1997).
The unexpected inverse relationship between leaf thickness
and LDMC in mistletoes (Fig. 3c) suggests a spectrum of
capacitance that facilitates their ability to maintain higher
stomatal conductance than their hosts across a wide range
of moisture availability.
We found lower N, in mistletoes than their hosts (Kiip-
pers 1992), and mistletoe photosynthetic capacity consist-
ently has been documented as less than that of their host
trees (Ehleringer et al. 1986; Davidson et al. 1989; Strong
2000). Critically, low leaf N content—on both a mass and

Eucalypt 8°C

area basis—in mistletoes may not result from N shortage due
to reliance on N-poor xylem flows in their host (as hypoth-
esized by Schulze et al. 1984), but may simply reflect more
non-photosynthetic, N-poor water storage tissue in mistle-
toes. Large amounts of non-photosynthesizing water storage
tissue inevitably lead to reduced leaf N and photosynthetic
capacity per unit leaf mass. Rapid turnover in mistletoe
leaves may also contribute to lower N content compared
with hosts (March and Watson 2007). The differences in C:N
ratio between lifeforms are primarily driven by differences
in nitrogen since carbon content did not vary with P/E;, (Xu
et al. 2020).

Greater leaf thickness and lower SLA should be favored
on drier sites based on selection to maximize whole-plant
growth and the difference between photosynthesis and tran-
spirational costs (Givnish 1978, 1979; Cunningham et al.
1999; Prentice et al. 2011; Givnish et al. 2014), and we saw
this pattern in eucalypts but not in mistletoes. Lower val-
ues of 8'3C in mistletoes are inconsistent with their lower
SLA, but could reflect their lower N, than eucalypts over
much of the rainfall gradient (Turner et al. 2008). Decline
in Ny, with P/E,, observed in eucalypts is predicted under
selection to maximize photosynthesis for given total water
and N supplies (Farquhar et al. 2002) and consistent with
other observations along rainfall gradients (Prentice et al.
2011; Givnish et al. 2014). Interestingly, though, 8'>C values
did not track shifts in SLA and N,,., in mistletoes (Fig. 4e,
f), a pattern documented in multiple plant groups (Turner
et al. 2008; Prentice et al. 2011). Mistletoe 813C values only
spanned ~4%o, which suggests the internal CO, concentra-
tion was high throughout the gradient and is consistent with
mistletoes maintaining higher stomatal conductance than
eucalypts.

Increasing carotenoid:chlorophyll index in mistletoes
toward drier sites (Fig. 21; PRI decreases with the ratio)
suggests greater photoprotection in mistletoes on brightly
lit sites, which may be related to a greater midday drawdown
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of leaf water potential driven by their high stomatal conduct-
ance and the high VPD at such sites. Increasing chlorophyll
content with P/E; in mistletoes—despite an increase in water
storage tissue—could reflect adaptation to shadier conditions
as forests become more closed on rainier sites. Eucalypts
showed no change in either pigment trait across the gradient.

Adaptive significance of differences
between mistletoes and their eucalypt hosts

The N piracy hypothesis advanced by Schulze et al. (1984)
can be interpreted as requiring that the difference in transpi-
ration between mistletoe and host become greater as host N
supply becomes more limited, so that mistletoes can draw
sufficient N from the host xylem sap (Ehleringer et al. 1985;
Bannister and Strong 2001). Along with Scalon and Wright
(2015), we found little evidence for this hypothesis in our
data—in fact, differences between mistletoes and hosts in
N, Were least when host N levels were lowest (Fig. 5a).
Others have suggested that high transpiration rates help
mistletoes acquire phosphorus from their hosts at P-limited
sites (Scalon and Wright 2017) or greater amounts of hetero-
trophic carbon (Marshall et al. 1994; Bannister and Strong
2001). Bannister and Strong (2001) used the relationship
between 8'3C and 8'°N to calculate heterotrophic carbon
gains by mistletoes from their hosts. Our data do not sup-
port such a phenomenon (Fig. S3). Overall, we found little
evidence of transpiration-controlled nutrient acquisition in
mistletoes, indicating that high transpiration in mistletoes
seems more likely to reflect other physiological processes.
Mistletoes make no investments in roots for the same
gains in water and nutrients as their hosts, and only small
amounts in haustoria, reducing the costs associated with a
given amount of transpiration. Givnish (1986a) proposed
that mistletoes may be less sensitive to water supply because
their investment in acquiring water does not need to increase
in more arid environments (i.e., haustorium construction
should cost approximately the same in all environments,
whereas trees require additional investment in roots as
resources become scarcer). Lower costs for a given amount
of transpiration should favor high stomatal conductance
and high rates of transpiration per unit photosynthesis, both
of which have been reported in mistletoes (Ullmann et al.
1985; Kiippers 1992). Subsequently, Scalon and Wright
(2017) concluded that the costs of acquiring water may not
be less for mistletoes at drier sites based on their observa-
tions that mistletoe photosynthetic traits, SLA, and nutrient
concentrations shifted in parallel with those of their hosts
between “wet” and “dry” sites. We did not find the paral-
lel changes in SLA and N,,., in mistletoes that Scalon and
Wright (2017) reported, but our results are consistent with
Givnish’s (1986a) transpirational costs hypothesis, suggest-
ing that, in economic terms, mistletoes incur fewer costs in
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acquiring water than their eucalypt hosts. The lower leaf N
seen in mistletoes at any given level of P/E, (Fig. 5g) almost
surely reflects the large amount of water storage tissue in
thick, succulent mistletoe leaves rather than a limitation on
the amount of N that can be diverted from the host xylem
stream.

Irrespective of water supply, mistletoe leaves displayed
characteristic traits and trait—trait relationships of succulent
plants (Vendramini et al. 2002). Mistletoe leaves contain
succulent non-photosynthesizing water storage tissue (Popp
et al. 1995; Glatzel and Geils 2009) not present in Eucalyp-
tus. These succulent tissues increase leaf thickness, reduce
SLA, and reverse the relationship between thickness and
dry matter content (Fig. 3). Rather than enhanced rigidity to
tolerate more negative water potentials, succulence increases
hydraulic capacitance, helping mistletoes buffer declines in
leaf water potential and maintain stomatal opening (Glatzel
and Geils 2009). Extensive water storage tissue should be
favored in mistletoes to cope with rapid short-term draw-
downs of leaf water content associated with high stomatal
conductance and hydraulic bottlenecks in the haustorium
(Davidson et al. 1989). Mistletoe succulence provides a
unified explanation for many of the observed differences
between mistletoes and eucalypts irrespective of P/E_,
including lower SLA, greater leaf thickness, lower LDMC,
lower N, higher C:N ratio, and lower chlorophyll content,
as well as lower leaf density and greater saturated water
content (Figs. 2, S2). Additionally, the abundance of non-
photosynthetic water storage tissue can make mass-based
measures of photosynthesis artificially low. More investiga-
tion into carbon metabolism and hydraulic conductance in
mistletoes is needed to complete the picture of atypical trait
relationships and economic tradeoffs, particularly in rela-
tion to the effects of succulent tissue on leaf physiological
processes.

Conclusions and future directions

We found both similarities and differences in trait—envi-
ronment and trait—trait relationships between mistletoes
and their host trees. Our results show that mistletoe traits
often respond differently to relative moisture supply than
their hosts, which may be related to lower costs of acquiring
water in drier environments and leaf construction involv-
ing extensive succulent tissue. We found some intriguing
deviations in mistletoe trait—trait relationships from those
of eucalypts (and those presumed for most other plants).
Some of these differences may be driven by leaf succulence
and some by the low costs of transpiration, but all merit
further investigation. Mistletoes also displayed less interspe-
cific variability but more intraspecific and intra-individual
variability in traits, while levels of variation in eucalypts
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reflected previously reported patterns for major plant groups.
Mistletoes and other less common functional types should
be included in global analyses and studied individually to
understand not only the typical patterns in plant strategies
and economic relationships, but the range of exceptions.
We recommend investigating the trait patterns of functional
groups including other hemiparasites, holoparasites, succu-
lents, epiphytes, climbers, and non-vascular plants, all of
which have been conspicuously underrepresented or absent
from global trait analyses to date.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00442-021-04867-1.
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