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Abstract

Trees' responses to mistletoes occur at multiple organization levels (e.g., leaf,
individual, population), yet integrating these multi-scale responses is still chal-
lenging. Here, we compared the traits of infected versus uninfected trees over
multiple scales, from leaf anatomy and physiology to canopy allometries and in-
dividual growth rate and survivorship. We tested the hypotheses that mistletoes
lead in the host (1) the production of leaves with a conservative resource-use
strategy, (2) more mechanically stable canopies and (3) reductions in growth
and survival probability in the trees they infect. We addressed these hypoth-
eses in the widespread savanna tree Vochysia thyrsoidea and xylem-tapping
mistletoe Psittacanthus robustus in the Brazilian Cerrado, a global biodiversity
hotspot. We found that (1) mistletoe infection did not affect key traits associated
with resource conservativeness, such as leaf mass per area (LMA) and carbon
assimilation rates (A). Likewise, (2) hosts did not increase the mechanical safety
of their trunks in response to mistletoe infection since infected and uninfected
trees had a similar allometric scaling between height and crown volume against
stem diameter. (3) At the population level, both the relative growth rate and sur-
vival probability decreased as the number of parasites increased. However, zero
growth and a 50% chance of mortality were estimated to occur in a minority of
heavily infected trees (>7 and 14 parasites, respectively). Our results challenge
the idea that mistletoes have a ubiquitous negative impact on their hosts. We
highlight, therefore, the need for clarifying the mechanisms that allow trees to
maintain their functioning even in the face of mistletoe parasitism.

KEYWORDS
Cerrado, hemiparasite, leaf economic spectrum, leaf gas exchange, Loranthaceae, mistletoe,
population dynamics, tropical grassy ecosystems

INTRODUCTION

Natural enemies are key biotic drivers of plant function and mortality (Press
& Phoenix, 2005). Parasitic plants, for instance, can affect tree physiol-
ogy and demography, ultimately shaping vegetation dynamics, ecosystem
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functioning and biogeochemical cycles (Watson, 2016). Mistletoes are
photosynthesizing plant parasites (i.e., hemiparasites) belonging to the
Loranthaceae and Santalaceae families. They grow specialized roots (i.e.,
haustorium) inside their hosts and uptake water and nutrients from the par-
asitized branches (Aukema, 2003). Consequently, these canopy-dwelling
hemiparasites can create a water and nutritional deficit in the trees they
infect (Cocoletzi et al., 2020; Griebel et al., 2022; Littge et al., 1998; Meinzer
et al., 2004). Host responses to mistletoe infection are often examined at the
leaf (Scalon & Wright, 2015; Silva et al., 2021; Wang et al., 2008) or branch
level (Reblin & Logan, 2015; Sala et al., 2001; Tennakoon & Pate, 1996). Yet,
it is still poorly known how mistletoe impacts reverberate across higher orga-
nizational levels, such as on host trees' architecture and demography. This
knowledge gap limits our ability to assess host responses to mistletoes at
the appropriate scales, further hampering our understanding of what drives
or may disrupt the stable coexistence of mistletoes and their hosts.

At the leaf scale, due to the high resource demands by mistletoes,
infected branches can produce leaves that optimize resource conser-
vation instead of acquisition (Scalon et al., 2017). The conservative and
acquisitive strategies characterize two ends of the leaf economic spec-
trum, a single axis representing the trade-off between leaf carbon costs
and gains (Diaz et al., 2016; Oliveira et al., 2021; Reich, 2014). Leaf
mass per area (LMA) is one of the key traits that distinguish conservative
from acquisitive strategies at the leaf level. High LMA is often associ-
ated with low photosynthetic rates across taxonomic levels (Anderegg
et al., 2018), characterizing the conservative end of the leaf economic
spectrum (Wright et al., 2004). Changes in leaf anatomy may underlie
LMA variation in response to mistletoe infection (Ozturk et al., 2019).
High LMA can be achieved by reducing vessel size, which increases the
density of xylem fibres and the safety of the leaf venation system against
emboli formation and hydraulic failure (Blackman et al., 2010; Levionnois
et al., 2021; Scoffoni et al., 2017). Increases in leaf thickness, especially
the spongy mesophyll, can also lead to higher LMA (John et al., 2017;
Poorter et al., 2009). Mistletoe-induced changes in leaf anatomy may
allow leaves to operate under a more negative water potential (Scalon
et al., 2017) to the detriment of maximum stomatal conductance and
photosynthetic capacity, especially in nutrient-impoverished ecosystems
(Oliveira et al., 2021).

Above the leaf level, mistletoes can modify the allometric relationship be-
tween the stem and canopy of their host trees. These parasites create not
only water and nutrient deficits in their hosts but also add weight to the can-
opy of infected trees (Mylo et al., 2022). Mistletoes' extra weight can cause
mechanical failure and branch breaching (Hadfield, 1999). Branch mortality
can result in lower tree heights and smaller crowns relativized by stem di-
ameter, leading to a more stable canopy (Aiba & Nakashizuka, 2009; Sellier
& Fourcaud, 2009; van Gelder et al., 2006), despite the loss of the photo-
synthetic area in the canopy. It may be possible, therefore, that infected
trees could respond to mistletoes' weight at the stem-crown allometries
level, which may improve mechanical stability (Aiba & Nakashizuka, 2009;
Sellier & Fourcaud, 2009; van Gelder et al., 2006).

At the individual scale, tree growth and survival probability are expected
to decrease as the tree becomes heavily infected (Logan et al., 2013;
Marias et al., 2014; Shaw et al., 2004, 2008; Teodoro et al., 2013). In fact,
mistletoe outbreaks have contributed to major forest dieback in temperate
forests (Bell et al., 2020; Griebel et al., 2017; Szmidla et al., 2019). Yet,
understanding how mistletoes affect host population dynamics is still incip-
ient in the tropics compared with temperate regions (Maponga et al., 2021;
Monteiro et al., 2020).
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Mistletoes can be found in a range of tropical ecosystems, being particu-
larly common in savannas. 45% of mistletoe species recorded in Brazil (140
species) occur in the Cerrado (Reflora, 2020), a global biodiversity hotspot
covered by fire- and edaphic-maintained savannas (Myers et al., 2000).
Mistletoes have been reported to infect several of the dominant tree spe-
cies in the Cerrado savannas, especially within the Vochysiaceae family
(Arruda et al., 2012). For instance, there are registers of mistletoes from
the Psittacanthus genus (Loranthaceae) parasitizing Qualea grandifiora,
Q. parviflora and Vochysia thyrsoidea (Monteiro et al., 1992; Scalon &
Wright, 2017; Teodoro et al., 2010), all widespread Vochysiaceae trees
abundant where they occur (Bridgewater et al., 2004). Previous studies
have shown that mistletoe can impair V.thyrsoidea carbon assimilation
(Silva et al., 2021) and survivorship (Teodoro et al., 2013). However, to date,
it is still missing an integrative approach linking tree responses to mistle-
toes across leaf, canopy and whole-tree scales in the Cerrado biodiversity
hotspot.

Here, we investigated the effects of mistletoe on a widespread savanna
tree in the Brazilian Cerrado to understand how and to what extent mistletoe
infection could modulate host functioning from leaf to population metrics.
Our model species were the tree Vochysia thyrsoidea Pohl (Vochysiaceae)
and the mistletoe Psittacanthus robustus (Mart.) Marloth (Loranthaceae).
We compiled unpublished data sets from three different sites containing
traits from the leaf to the canopy and population scale between uninfected
and infected individuals of V. thyrsoidea by P.robustus. We addressed the
following hypotheses along with their respective predictions:

1. Mistletoe infection will shift the host leaf resource use towards the
conservative end of the leaf economic spectrum. Infected individuals
will have leaves with a low xylem vessel area (VA), palisade-to-spongy
parenchyma ratio (P:S), carbon assimilation rate (A), and normalized
difference vegetation index (NDVI) and higher mesophyll thickness
(MT), leaf mass per area (LMA) and predawn/midday water potential
(‘de/led) compared with uninfected individuals.

2. The extra weight of mistletoes in the tree crown will lead to adjustments
in the host stem-canopy allometries. Infected trees will have lower tree
heights and crown volumes given a stem diameter at the breast height
(DBH) compared with uninfected trees.

3. The intensity of mistletoe infection will negatively affect the host's growth
and survivorship. Host relative growth rate inferred by DBH increment
(RGRpg,) and survival probability will decrease as the number of mistle-
toes increases.

MATERIALS AND METHODS
Study sites and sampling design

We studied three sites in the south of Minas Gerais state, Brazil, located
in the transition between the Cerrado and Atlantic Rainforest (Figure 1a).
The study sites were named ‘Parque Ecoldgico Quedas do Rio Bonito’
(PEQRB), ‘Carrancas Zilda’ (CZ) and ‘Carrancas Esmeralda’ (CE). All
study sites are fire-prone savannas (i.e., vegetation composed of a con-
tinuous grass layer with scattered trees) where rock outcrops also can be
found. The PEQRB is located at 21°19'43.87” S and 44°58'23.43” W, 1024—
1064 m altitude, Képpen climate classification Cwb-Cwa with 1529 mm an-
nual cumulative rainfall, and 19°C annual mean temperature. CZ and CE
are located at 21°28'16” S and 44°37'21” W and 21°27'59” S and 44°42'10”
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FIGURE 1

Study site and species. (a) The location of the studied savanna sites (red point) within the Brazilian Cerrado (grey). (b)

Vochysia thyrsoidea tree in a typical savanna landscape. (c) Psittacanthus robustus mistletoe flowering.

W, at 1220 and 1044 m altitudes, respectively. Both sites' climates were
classified as Cwa according to Képpen, with 1483 mm annual cumulative
rainfall, and 14°C annual mean temperature. Three to four fires were reg-
istered in the PEQRB, two to three in CZ and two in CE from 1985 to 2020
according to MapBiomas Fire 1.0 (Alencar et al., 2020; Souza et al., 2020).
Fire scars suggest that CZ burned in 2008 and CE in 2007 (personal ob-
servation). The minimum distance between the study sites was 0.08° and
the maximum 0.36°.

We studied the foliar, allometric and demographic parameters of
V.thyrsoidea (Figure 1b) uninfected or infected by P.robustus mistletoe
(Figure 1c). Hereafter, ‘uninfected’ means V.thyrsoidea without any mis-
tletoe attached to their branches and ‘infected’ were hosts with at least
one mistletoe attached to their branches. Unfortunately, it was not possible
to measure all traits at all sites in the same year due to financial and lo-
gistic constraints. However, the monthly mean temperature (p=0.23) and
precipitation (p=0.95) did not vary while the data were being collected
(Appendix S1), indicating that sampling at different years probably has a
low impact on the conclusions we draw from data.

Leaf traits
Leaf anatomy and leaf mass per area

We measured leaf anatomical traits (mean vessel lumen area, VA; palisade-
spongy parenchyma ratio, P:S; mesophyll thickness, MT) and leaf mass
per area (LMA) in 10 infected and 10 uninfected trees at the PEQRB site in
June 2016 (dry season). The LMA data are derived from Silva et al. (2021)
while the VA, P:S and MT data are original. The number of mistletoes per
infected tree ranged from 1 to 18, averaging 7.1 mistletoes per tree. The
host selection criteria were stem diameter at breast height (1.3m) (DBH)
greater or equal to 4.7cm, which corresponds to 15¢cm of circumference.
We selected only fully expanded sun leaves, between the 3rd and 5th node,
and without traces of herbivory and pathogens. For infected individuals,
leaves were taken from branches where there were mistletoes attached
and preferentially in the twigs as close as possible to the parasite.

We sampled two leaves per tree for the anatomical measurements. We
cut a rectangular sample (~2cm wide x4 cm long) in the median region of
each leaf and fixed it in FAA 70% solution (formaldehyde, acetic acid and
ethanol 70%, the ratio of 1:1:18). After 72 h, the samples were removed from
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the FAA solution, washed and stored in ethanol 70%. For each sample, we
made several transversal cuts in the midvein and leaf blade (cross-section)
manually using a razor blade. All cuts were bleached using sodium hy-
pochlorite and stained using a safrablau solution (1% safranin and 0.1%
astrablau, the ratio of 7:1). We made glass slides for the best cuts (i.e., thin
and semitransparent) and photographed them using a light microscope
(Nikon Eclipse E100) connected to an image capture system (Nikon Infinity
1). We used the ImageJ software (1.52a) for all subsequent anatomical
measurements.

We focussed on the abaxial part of the vascular cylinder (100x magni-
fication) to measure vessel frequency (VF; i.e., number of vessels in the
observational field) and total vessel area (TVA,; i.e., the total area filled by
vessel lumen in the observational field). We calculated the mean lumen
area of an individual vessel (VA) by the following formula (Equation 1):

TVA
VA = VE (1)

We focussed on the leaf blade (100x magnification) to measure the
thickness of the mesophyll (MT), palisade parenchyma (PPT), and spongy
parenchyma (SPT). We calculated the palisade-spongy parenchyma ratio
(P:S) by the following formula (Equation 2):

PPT
P:S = SPT 2

We sampled five leaves per individual to measure LMA following the
Pérez-Harguindeguy et al. (2013) protocol. Immediately after collecting the
leaves in the field, we stored them in plastic bags in an ice-filled thermal
box to avoid leaf dehydration and deformation during the transport from
the field to the lab. In the laboratory, we let leaves rehydrate overnight by
immersing them in water for at least 24h at a low temperature (2 to 6°C).
Then, we measured the water-saturated leaf area (LA) using a desk scan-
ner (HP Scanjet 300) and we calculated the LA using the ImageJ software
(1.52a). We let the leaves dry for 72h at 70°C and then we measured their
dry mass (LMdry) using a precision balance (Shimadzu AX200).

We calculated the LMA by the formula below (Equation 3).

LMdry

LMA =
LA

Leaf carbon assimilation, reflectance, and water status

We measured the host leaf carbon assimilation rate (A), reflectance (nor-
malized difference vegetation index, NDVI), and water potentials (predawn,
‘de; midday ¥, ,) in 15 infected and 15 uninfected trees at the CZ site in
August (dry season) and November (wet season) 2012. The number of mis-
tletoes per infected tree was not available. The host selection criteria were
tree height (H) greater than 2m. Although the host selection criteria were
tree height here and tree DBH for leaf anatomy and LMA, DBH and H were
highly correlated (Pearson r=0.83, p <0.001, Appendix S2) and a DBH of
4.7 cm corresponds to H of 3.08m (Appendix S2). Therefore, both criteria
were deemed suitable to select individuals taller than 2m. We sampled four
green, healthy, sun, fully expanded (3rd—5th node) leaves per individual.

In the field, we collected the branch next to the mistletoe attachment and
determined the leaf carbon assimilation rate (A) in the following 2min. We
utilized an LCA4 portable photosynthesis system (ADC Instruments) using
ambient light and CO, supply ranging from 360 to 400 ppm. The measure-
ments took place from 08:30 to 12:00 on sunny days only.
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We collected another four leaves from the same branch and rapidly
wrapped them in aluminium foil paper and stored them in an ice-filled ther-
mal box. We quickly transported the leaves to the laboratory where it was
possible to standardize the incident light source. We exposed the leaves to
light radiation from 200 to 1005 nm and obtained their reflectance spectrum
at a spectral resolution of 1 nm using a portable spectroradiometer (USB-
850 RED TIDE) coupled to an electromagnetic radiation source (DT-MINI)
and a reflectance probe (R400-7-VIS—-NIR; US BioSolutions OceanOptics).

In addition to A, we used NDVI as a proxy of photosynthetic capac-
ity (Barnes et al., 2017). We calculated the NDVI by the following formula
(Equation 4; Gitelson & Merzlyak 1994):

(R750 — R705)
NDVI = (R750 + R705) “)
where R750 and R705 are the leaf reflectance given to the 750 and 705nm
wavelength, respectively.
We measured the predawn (from 02:00 to 04:00) and midday water po-
tential (from 11:00 to 13:00) in another four leaves in the same individuals
using a pressure chamber (Model 1000 PMS Instruments).

Allometric relationships

We measured the allometric relationships between tree height (H), crown
volume (CV) and stem diameter (DBH) in 60 infected and 60 uninfected
trees (20 trees infected and 20 uninfected per study site) in all study sites
(PEQRB, CZ, and CE) in 2012. The number of mistletoes per infected tree
ranged from 1 to 6 averaging 1.65 mistletoes per tree. The host selection
criteria were tree height greater than 2m. For each tree, we measured tree
height (H), stem diameter at breast height (1.30m; DBH), the largest crown
width (1CW), the crown width perpendicular to the greater one (2CW) and
the crown depth (CD; i.e., the distance between the first branch ramification
and the highest leaf in the crown). We estimated the crown volume (CV) by
the following formula (Equation 5):

_ (1CW x 2CW)

Ccv 5

x CD 5)

Per-capita demographic parameters

We measured host growth rate and survival chance using a census of all
V.thyrsoidea trees which fit the inclusion criteria (H>2m) over 8.4 hectares
in all the study sites (PEQRB, CZ, and CE; 2.8 ha each) from 2007 to 2012.
In the first survey, we tagged the trees, measured their initial DBH and re-
corded the initial number of mistletoes attached to the host crown. For fur-
ther surveys, we re-measured the DBH and the number of mistletoes and
registered the survival status (dead or alive) of each tree. The first survey in
PEQRB was in March 2007 and we re-measured all live trees in September
2007, February 2008, September 2008, March 2009 and October 2009.
The first survey in CZ was in September 2008 and we re-measured all live
trees in January 2009, July 2009, January 2010, and February 2012. The
first survey in CE was in August 2008 and we re-measured all live trees
in March 2009, July 2010, November 2010 and January 2012. More infor-
mation regarding the census from 2007 to 2010 can be found in Teodoro
et al. (2010) and Teodoro et al. (2013), though the 2012 census is original to
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this study. For each survey interval, we estimated the DBH-based relative
growth rate by the following equation (Equation 6):

(DBH; - DBH;._;)
(t—ti1)

where DBH; is the DBH of survey i, DBH,, is the DBH of the survey before j, t;
is the time of survey i and t,, is the time of the survey before .

There were two types of pseudo-replication in the RGR5, data. First,
there were from one to five values of RGRyg,, for the same tree as we
measured RGR,g, for each survey interval. Second, there was more than
one RGRg, per survey interval for trees that had several branches at the
breast height. We controlled the pseudo-replication issues by averaging
RGRpg, over time and among branches of the same tree. The survival
chance was 0 for trees that died and 1 for trees that survived over the
sampling period.

RGRDBH = (6)

Data analysis

Hypothesis 1. We ran Student's t-tests and ANOVAs to test
the hypothesis that mistletoes induce the production of conserv-
ative leaves in their hosts. We analysed VA, P:S, MT and LMA
using Student's t-tests. The predictor variable was the mistletoe
infection (uninfected vs. infected). We further investigated how
gas exchange, reflectance and water potential traits responded
to mistletoe infection over the seasons. For that, we analysed A,
NDVI, ‘de, and ¥, , using two-way ANOVAs. The predictor vari-
ables were mistletoe infection, annual seasonality (dry season
vs. wet season) and mistletoe infection x annual seasonality in-
teraction. We first checked the normality and homoscedasticity
assumptions of all traits through Shapiro—Wilk's and Lavene's
tests, respectively (Appendix S3). When data did not fit the as-
sumptions, we used the following logarithmic transformation,
f(x) = In(x + 1), which linearized the response variable.

Hypothesis 2. We ran linear mixed-effect models to test
the hypotheses that mistletoes reduce the slope between tree
height and canopy size versus stem diameter. H and CV were
the response variables, DBH the continuous predictor variable
and infection status (infected vs. uninfected) the categorical
predictor variable. The random effect was the study site. We
can conclude that uninfected and infected trees have differ-
ent H versus DBH or CV versus DBH slopes if the interaction
term between DBH and infection status is statistically signifi-
cant (p<0.05). The relationship between CV versus DBH was
nonlinear, so we applied a /In transformation to CV to meet the
linearity assumption. For each model, we also estimated the
marginal coefficient of determination (R2m, which includes only
the fixed effects) and the conditional coefficient of determina-
tion (RZC, which includes both fixed and random effects). Taller
V.thyrsoidea trees have been reported to be more likely to be
infected by P.robustus (Teodoro et al., 2010). The size differ-
ence between infected versus uninfected trees could be a con-
fusing factor when comparing their allometric relationships. A
Student's t-test confirmed that infected trees had wider stems
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than uninfected trees (Appendix S4). To control for that, we only
included individuals with DBH <30cm to ensure both infected
and uninfected trees have similar sizes.

Hypothesis 3. We fitted linear mixed-effect models to test the
hypothesis that the infection degree impairs host growth and
survival. The response variables were RGR,g, and survival
chance while the predictor variable was the number of mistle-
toes. We fitted a linear mixed-effect model (LMM) to RGRg,,
and a generalized linear mixed-effect model (GLMM; binomial
family, logit link function) to survival chance. The random effect
was the study site. We weighted the RGR,, observations by
the number of censuses used to estimate the RGRg,,. We also
estimated the R?, and R?_ of both models.

We performed all analyses in the R environment (version 4.1.0; Andy
Bunn, 2017). We used the Imer and g/mer functions from Ime4 package to fit
the mixed-effect models (Bates et al., 2015). We used the r.squaredGLMM
function from MuMIn package to estimate the Rzm and ch (Barton, 2022).
We used the leveneTest function from the car package to run Levene's ho-
moscedasticity test (Fox & Weisberg, 2019). We used the cohens_d func-
tion from the effectsize package (Ben-Shachar et al., 2020) and pwr.t2n.
test function from the pwr package (Champely, 2020) to perform the power
analysis.

RESULTS

Leaf structure, carbon relations and water status
(Hypothesis 1)

There was no significant difference in the average vessel lumen area (VA;
t,799=0.62, p=0.53), the ratio between palisade and spongy parenchyma
(P:S; t,599=1.08, p=0.3) and the mesophyll thickness (MT; t,, ;,=0.67,
p=0.51) between uninfected and infected individuals (Figure 2a-c,
Appendix S4). Similarly, the difference between the leaf mass per area
(LMA) of uninfected (mean+SD=262.11 143.499m‘2) and infected
(301.51+35.93, ¢ m~2) individuals was non-significant (t,; ;5=2.02,
p=0.06; Figure 2d, Appendix S5).

Mistletoe infection status (uninfected vs. infected), the season of the
year (dry vs. wet) and their interaction did not affect the carbon assimilation
rate (A; mistletoe: F, 60_0 42, p=0.51; season: F, 60_016 p=0.68; inter-
action: F, 5,=0.34, p=0.55) and normalized difference vegetation index
(NDVI; mistletoe: F, 60_0 28, p=0.59; season: F, 60_0 02, p=0.88; inter-
action: F, ;,=0.04, p=0.83; Figure 2e, Appendix S6). The predawn leaf
water potential (‘Pp ) was higher (i.e., less negative; mistletoe: £, 5,=3.87,
p=0.05) in infected individuals (mean+SD=-0.29+0.05MPa) com-
pared to uninfected individuals (-0.3+0.05MPa) and in the wet season
(-0.26 +0.04 MPa) compared to the dry season (—0.32 + 0.04 MPa; season:
F,60=26.75, p<0.001; Figure 2f, Appendix S6). The interaction between
infection status and season did not affect the ¥, (interaction: F, ;,=0.38,
p=0.53). The midday leaf water potential (¥, S varied only between the
dry versus wet season, but not between infected versus uninfected indi-
viduals (season: F, 60_231 13, p<0.001; mistletoe: F, 60_0 03, p=0.84;
interaction: F, 60_019 p=0.65; Figure 2g, Appendix S6). Specifically, the
¥Y,q Was higher during the wet season (-0.82 +0.23MPa) than during the
dry season (-2.1 +0.45MPa).
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FIGURE 2 Leaf-level host responses to mistletoes. (a) Average xylem vessel area (VA), (b) ratio between palisade and spongy
parenchyma (P:S), (c) mesophyll thickness (MT), and (d) leaf mass per area (LMA), (e) carbon assimilation rate (A), (f) normalized difference
vegetation index (NDVI), (g) predawn water potential (‘¥,), and (h) midday water potential (¥ ;) between uninfected (blue) and infected
individuals (red) of Vochysia thyrsoidea by Psittacanthus robustus. The values of A, NDVI, ¥, and ¥, during the dry and wet seasons
were represented by a solid and dashed line, respectively. p-values on the top left corner of panels (a—d) refer to the t-tests between
uninfected versus infected individuals. p-values of panels (e—g) refer to the ANOVAs where infection status (‘Mistletoe’, uninfected vs.
infected), the season of the year (‘Season’, dry vs. wet), and their interaction (‘Interaction’) were the predictor variables.
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FIGURE 3 Mistletoe effects on host stem and canopy allometries. (a) The relationship between tree height and the stem diameter at
the breast height (DBH). (b) The relationship between crown volume natural algorithm and DBH. The p-values associated with the predictor
variables on the top left corner. Red circles represent infected and blue triangles uninfected individuals. ‘Mistletoe’ represents the infection
status (uninfected vs. infected) and ‘Interaction’ the DBH x Mistletoe interaction. Only individuals with DBH <30cm were included in the
analysis.

Stem and canopy allometric scaling (Hypothesis 2)

Mistletoe infection did not affect the allometric scaling of tree height
and crown volume versus stem diameter (Figure 3, Appendix S7). Tree
height and crown volume natural logarithm increased linearly with DBH
(tree height: estimate=0.18 +0.02 SE, t, 5, =9.11, p <0.001; /n crown vol-
ume: 0.18+0.01, t,,5 5o=18.54, p<0.001). The infection status (infected
vs. uninfected) did not have a statistically significant effect on tree height
(-0.09+0.51, t,,, 35=-0.19, p=0.84) and In crown volume (0.14+0.25,
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t10462=0.58, p=0.56). Similarly, the interaction term between DBH and
infection status did not significantly affect the tree height versus DBH
(0.01+0.02, t,,,,=0.53, p=0.59) and /n crown volume versus DBH re-
lationships (0.003+0.01, t,,, ,=0.24, p=0.8). The fixed effects (Rzm) ex-
plained 61% and 86% of the tree height versus DBH and /n crown volume
versus DBH models, respectively. The percentage of variance explained
increased to 66% and 87% considering fixed plus random effects (ch) in
the same comparison.

Tree growth and survivorship (Hypothesis 3)

The number of mistletoes decreased both the host relative growth rate
(RGRpg,y; slope estimate + SE=-0.03+0.01, 55 ,,=-2.43, p=0.01) and
survival chance (-0.31+0.06, z=-4.57, p <0.001; Figure 4, Appendix S8).
None of the sampled trees died at the ‘CE’ site during the study. Therefore,
we ran a second model excluding for “CE” site and the results were qualita-
tively similar to the fullmodel (-0.29 + 0.06, z=4.3, p < 0.001; Appendix S8).
The mean number of mistletoes per tree was 0.69. Approximately 67%
of all sampled trees remained uninfected throughout the study (416 of
614 trees). Only 1% were parasitized by up to five mistletoes during the
study, with the mean number of mistletoes in infected individuals being
2.15. RGRyg,, tended to be negative after c. 7 mistletoes infected the host
canopy (Figure 4a). Survival chance tended to be 98% in uninfected in-
dividuals and below 50% in individuals infected by up to c. 14 mistletoes
(Figure 4b). The number of mistletoes alone (Rzm) explained, respectively,
0.3% and 5% of host RGR,, and survival chance. Whereas the number
of mistletoes along with the study site as the random effect (ch) explained,
respectively, 2% and 42% of host RGR,, and survival chance.

DISCUSSION

Here, we compile data at multiple scales of plant functioning to assess the
effects of mistletoe on a tropical tree from leaf anatomical structure to popu-
lation dynamics. Contrary to previous expectations, we found that (1) mistle-
toes did not induce conservative resource use in the leaves of the branches
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FIGURE 4 Mistletoe effects on host demography. (a) Relative growth rate based on the stem diameter at breast height variation
(RGRpgy) and (b) survival status (alive: 1, dead: 0) as a function of the average number of mistletoes from 2007 to 2012. The point size

in (a) is proportional to the number of time intervals used for calculating the RGR,, (ranging from 1 to 5 intervals) and the dashed line
marks the zero. The vertical bars in (b) represent the observations. Line equation in (a) 0.27606-0.03946xXx; logistic curve equation in (b)

£4-40158-0.31374xx X X
T-eamTeoaTaTaae Where x is the number of mistletoes.
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they are attached to. Leaf mass per area was not sensitive to infection sta-
tus. (2) Mistletoe infection did not affect tree architecture. Tree height- and
crown volume-stem diameter allometries were similar between infected and
uninfected individuals. Furthermore, although (3) mistletoes negatively af-
fected tree growth and survivorship, the number of parasites was far from
being the main driver of the host demography. Below, we discuss the mis-
match between prior expectations and our findings, moving towards a more
mechanistic understanding of how mistletoes and trees interact.

Leaf-level responses to mistletoes

Contrary to Hypothesis 1, the presence of mistletoe did not induce host
trees to produce more sclerophyllous leaves (low VA and P:S and high MT)
with low photosynthetic capacities (e.g., low A and NDVI) and high LMA. An
increase in the host LMA due to mistletoe parasitism was observed in other
Neotropical savanna trees, such as Eremanthus erythropappus infected
by Phoradendron crassifolium (Silva et al., 2021) and Handroanthus chry-
sotrichus infected by Phoradendron affine (Scalon et al., 2017). The dis-
tinctive pattern found here can emerge from three non-exclusive causes.
First, V.thyrsoidea leaves may have a limited acclimation potential. V. thyr-
soidea has one of the highest LMA among dominant Neotropical savanna
species, including the ones cited above (Batalha et al., 2011). Therefore,
increasing LMA even further can be constrained by the fact that V.thyr-
soidea already produces extremely sclerophyllous leaves. Second, the
studied mistletoe, P. robustus, may not cause sufficient stress (in low loads)
to induce changes in their hosts at the leaf level. P.robustus belongs to
the Loranthaceae family, a less aggressive mistletoe family compared to
Viscaceae (Scalon & Wright, 2015), the family where the Phoradendron
genus belongs. Third, the populational oscillation of P.robustus may re-
duce the chance of this parasite inducing leaf structural modifications in
their hosts. V. thyrsoidea produces longevous leaves, with an average leaf
lifespan of 2 years (Rossatto, 2013). Meanwhile, the populations of P. robus-
tus fluctuate over time, especially due to fire events leading to widespread
mortality of those parasites (Teodoro et al., 2013). It might be more likely to
observe mistletoe-induced changes in host leaf structure in species with
more acquisitive leaves, infected by mistletoes that are more efficient in
draining host resources (e.g., Phoradendron spp. and others Viscaceae)
and persisting in the host branch for a longer time.

The lack of a significant effect of mistletoe parasitism on host photo-
synthesis contradicts previous studies in the same species pair. Silva
et al. (2021) found that V.thyrsoidea trees infected by P.robustus had a
carbon assimilation rate (A) approximately half lower (average of 7.2pmol
CO? m2s7") than uninfected trees (average of 11.6pmol CO? m™2s7). In
the present study, infected and uninfected V. thyrsoidea trees had a sta-
tistically similar A, averaging at 8.2umol CO? m=s™". Soil nutrients and
moisture are known to vary drastically over a few metres in Cerrado land-
scapes (Abrahao et al., 2019; Lira-Martins et al., 2022; Mattos et al., 2023).
Since the studies were carried out in different sites, it might be possible
that fine-scale edaphic gradients influence the effects of mistletoes on their
host productivity. In addition to site-specific differences, we speculate that
different infection intensities might underlie the sensitivity of tree photosyn-
thetic rates to mistletoes (Queijeiro-Bolanos et al., 2020; Sala et al., 2001).
Unfortunately, data on the number and volume of mistletoes per host were
not available either here or in Silva et al. (2021). Future studies could unveil
the causes of this inconsistency by testing whether edaphic conditions and
parasite loads shape tree photosynthetic responses to mistletoes.
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Predawn leaf water potential (‘de) was marginally less negative in in-
fected individuals compared to uninfected ones irrespective of the season,
contradicting previous studies (Ehleringer et al., 1986; Griebel et al., 2022;
Scalon et al., 2021). This suggests that V.thyrsoidea leaves under mis-
tletoe influence have virtually similar water status to leaves from trees
without mistletoe over the entire year. Two non-exclusive hypotheses may
explain this finding. First, P.robustus colonization success may be higher
in branches with a better water status within the host canopy. The water
potential of the host branches is known to affect mistletoe colonization and
physiology (Bickford et al., 2005; Scalon et al., 2016). If that applies to
our model species, the slightly higher water potentials under the mistletoe
influence may reflect the parasite infection success rather than a host re-
sponse. Alternatively, the most impaired branches by the mistletoe may not
be the ones that the parasite is attached to, but in fact, ‘healthy’ branches
neighbouring the infected ones (Silva et al., 2021). These hemiparasites
may redirect the water to the infected branches due to their extra leaf area
and high transpiration rates, indirectly benefiting the leaves in infected
branches (Silva et al., 2021). In this scenario, the water status of leaves
under mistletoe infection might be paradoxically improved compared to un-
infected trees, as it was found here and in a temperate conifer previously
(Logan et al., 2013). Further research can test the proposed hypotheses by
modelling mistletoe infection success as a function of host branch physio-
logical status and monitoring sap flow rates between healthy and infected
branches within infected trees.

Impacts of mistletoes on tree canopies

We found no evidence that trees adjust their stem allometries to compen-
sate for mistletoe mechanical stress, refuting Hypothesis 2. Although we
do not have data on mistletoe size, previous studies show that P.robus-
tus crowns can grow up to 2.3m wide (Teodoro et al., 2010), which cer-
tainly creates tension in the infected branch. Yet, the P.robustus crown
width is directly proportional to the V. thyrsoidea branch diameter (Teodoro
et al., 2010). Thus, mistletoes probably grow big in large branches only,
which may be wider enough to neutralize mistletoe mechanical stress.
Furthermore, mistletoes induce branch hypertrophy (Mylo et al., 2021) and
increased lignification (Hu et al., 2017), which also reduces the risk of in-
fected branches breaking (Muche et al., 2022). Finally, most of the studied
infected individuals had between one and two mistletoes attached to their
crowns, a range that was consistent with the average infection degree from
our census (2.15 mistletoes per tree). We can, therefore, only conclude
that tree architecture is insensitive to mistletoe infection under low parasite
densities. Whether this holds up under high parasite density/volumes is
an outstanding hypothesis to be tested. In summary, not only mistletoes
did not affect most of the analysed host leaf traits, but also no effects were
detected looking at the height-crown-stem allometric scaling.

Tree demography under mistletoe parasitism

Supporting Hypothesis 3, the number of mistletoes slightly decreased the
host growth rate and the likelihood of survival (Bell et al., 2020; Logan
et al., 2013; Shaw et al., 2008). However, P.robustus effects on V.thyr-
soidea growth and mortality occurred only at high parasite densities. More
than seven parasites were needed to lead to negative tree growth rates and
up to 14 mistletoes were required to reduce survival probability below 50%.
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Yet, only 1% out of the 614 studied trees had more than five mistletoes
parasitizing their canopies. Hence, most of the V.thyrsoidea trees studied
here were below the threshold required for mistletoes significantly affecting
their demography, suggesting that P. robustus is not a threat to the studied
V.thyrsoidea populations. Moreover, differences between sites captured by
RZC explained 6- to 8-fold more the host growth and survival variability than
mistletoe infection degree alone (Rzm). Thereby, differences across regions
due to fire regimes and soil types, for instance, are more likely to drive the
productivity and mortality of V.thyrsoidea than mistletoe infection exclu-
sively. Mistletoe outbreaks have been responsible for major forest dieback
in temperate regions (Szmidla et al., 2019; Tamudo et al., 2021), especially
among conifers (Dobbertin & Rigling, 2006; Scott & Mathiasen, 2012). But
in tropical savannas, it might be possible that the coexistence between
mistletoes and their hosts is more stable probably due to the long-term co-
evolution (Jerome & Ford, 2002; Medel et al., 2010) and fire events control-
ling mistletoe populations (Teodoro et al., 2013).

Concluding remarks and future perspectives

Our findings challenge the conception that mistletoes have pervasive im-
pacts on parasitized branches leaves and tree architecture (see Koenig
et al., 2018). Leaf traits either remained unchanged (VA, P:S, MT, LMA, A,
NDVI, and ¥, ,) or had slightly improved values (high ‘de) in response to
the mistletoe parasitism. Host trees did not adjust the allometric scaling
between canopy height and volume versus stem diameter to counterbal-
ance the mechanical stress induced by the parasites. Infected trees grew
less and were more likely to die, but only for a minority of trees extremely
infected by mistletoes. Future studies should consider multiple scales to in-
vestigate the effects of mistletoe on their host trees, as was done here. Our
approach allowed us to detect mistletoe impacts on tree growth and mor-
tality under heavy parasite loads (individual scale), without major changes
in leaf anatomy and physiology (leaf scale) and stem allometries (canopy
scale). These findings point to a stable coexistence between host trees and
mistletoes. As long as mistletoe loads remain low (e.g., less than seven P.
robustus per V.thyrsoidea), mistletoe's contributions to ecosystem multi-
functionality—through resource provisioning to bird species, for instance—
do not imply host tree population declines. Outstanding questions are as
follows: Does the position of the host tree within the leaf economic spec-
trum shape its foliar responses to mistletoes? Do parasitized branches re-
spond to mistletoe infection by changes in wood structural and chemical
properties? Does fire maintain a stable coexistence between mistletoes
and their host species across fire-prone ecosystems?
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