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parasitizing the evergreen host. Generally, mistletoe and 
host diurnal cycles of stomatal conductance were linked, 
although there were clear differences in leaf water poten-
tial, with mistletoe showing anisohydric behaviour and the 
host showing isohydric behaviour. Compared to mistletoes 
attached to evergreen hosts, those parasitizing deciduous 
hosts had a 1.4-fold lower stomatal density and 1.2-fold 
wider stomata on both leaf surfaces, suggesting that the 
latter suffered less intense drought stress. This is the first 
study to show morphophysiological differences in the same 
mistletoe species parasitizing hosts of different phenologi-
cal groups. Our results provide evidence that phenotypical 
plasticity (anatomical and physiological) might be essential 
to favour the use of a greater range of hosts.

Keywords  Hemiparasite · Loranthaceae · Water use · 
Stomatal traits · Cerrado

Introduction

Mistletoes are hemiparasitic angiosperms that depend on 
their host to acquire all of the water and nutrients they need 
to survive (Calder and Bernhardt 1983; Press and Graves 
1995). In terms of water use, mistletoes have been widely 
reported to exhibit higher transpiration rates and stomatal 
conductance than their host, but lower photosynthetic rates 
(Escher et al. 2004; Glatzel and Geils 2009; Ullmann et al. 
1985). However, the maintenance of host integrity might 
be an essential condition for the successful survival and 
reproduction of the attached mistletoe (Stewart and Press 
1990), suggesting that the outcome of the mistletoe–host 
interactions should strongly depend on host characteristics, 
with parallel responses to environmental conditions (Bowie 
and Ward 2004; Davidson and Pate 1992; Davidson et al. 
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1989; Scalon and Wright 2015). For example, general-
ist mistletoes can grow on many different hosts, including 
species showing different leaf phenology (Okubamichael 
et  al.  2011). The adequate availability of soil water for 
deep-rooted hosts might imply that the attached mistletoe 
would not need to rely on the regulation of water losses 
even during the peak of the dry season (Escher et al. 2008; 
Garkoti et  al. 2002). In contrast, tight regulation of water 
loss would be essential for evergreen mistletoes parasitiz-
ing shallow-rooted evergreen hosts.

Parasitism in mistletoes evolved in a specific manner, 
with only a single opportunity for dispersal. Foraging and 
perching behaviour of the birds that disperse mistletoe 
seeds might define the range of potential hosts (Buen and 
Ornelas 1999; Ladley and Kelly 1996; Rawsthorne et  al. 
2011). Physiological compatibility of mistletoes with indi-
vidual hosts is, however, crucial for the successful estab-
lishment, growth and reproduction of any mistletoe spe-
cies (Shen et al. 2006). Once the seed is dropped by a bird 
onto the branch of a potential host, the chance of it being 
relocated to a more suitable host is nonexistent (Press and 
Phoenix 2005). Generalist mistletoes would therefore have 
the advantage over their specialist counterparts in terms of 
potentially greater dispersion rates and establishment suc-
cess. However, with a greater range of potential hosts, mis-
tletoes would also need to deal with the metabolic particu-
larities of different hosts and might be subject to non-ideal 
physiological circumstances in terms of nutrient and water 
acquisition (Press and Phoenix 2005). To cope readily with 
these potential metabolic differences in a diverse assem-
blage of host species, generalist mistletoes are expected to 
show rapid metabolic adaptation rates and a high degree of 
phenotypic plasticity that should be reflected in their mor-
phology and physiology. For example, different popula-
tions of the same species of mistletoe can display variations 
in morphology, such as differences in internode length, 
fruit size and fruit pigmentation (Glazner et al. 1988; May 
1972). A high variation of leaf morphology and architec-
ture within mistletoe species in relation to different host 
species and host populations has also been documented 
(Atsatt 1970; Herrera 1988; Medel et al. 1995). Physiologi-
cal specialization has also been reported, such as the large 
amount of aluminium (Al) in leaves of mistletoes parasitiz-
ing Al-accumulator hosts in acidic soils (Lüttge et al. 1998; 
Scalon et al. 2013) and differences in freeze tolerance and 
flavonoid content between two populations of the same 
mistletoe species in distinct locations (May 1972).

The tropical mistletoe family Loranthaceae is repre-
sented by approximately 1000 species and is widely dis-
tributed over the southern hemisphere (Nickrent et  al. 
2010; Vidal-Russell and Nickrent 2007). In Brazil, the fam-
ily Loranthaceae is represented by 12 genera and 131 spe-
cies (Arruda et al. 2012), distributed over all of the major 

Brazilian biomes. The Brazilian Loranthaceae Passovia 
ovata (Pohl ex DC.) Kuijt is reported to be a host generalist 
(Lüttge et al. 1998; Scalon et al. 2013) and has been found 
parasitizing both deciduous and evergreen trees, especially 
in the Brazilian Neotropical Savanna (Cerrado). The Cer-
rado is characterized by a strong seasonality, where most 
of the rainfall is restricted to the wet season (October–
April). During the dry season (May–September) plants are 
subjected to soil water deficits, and the canopy is exposed 
to high irradiance levels, elevated temperatures and high 
atmospheric vapour pressure deficits (Bucci et  al. 2004; 
Franco et al. 2005). These conditions impose selective pres-
sures on deciduous and evergreen plants for strong stomatal 
regulation of transpiration to maintain their water balance. 
However, the contrasting phenology of the two plant func-
tional types (i.e. deciduous and evergreens) implies differ-
ent strategies to regulate plant water balance (Franco et al. 
2005) that would potentially affect any attached mistletoe, 
particularly in the dry season when the evaporative demand 
of the atmosphere is high and soil water resources are low. 
While evergreen trees retain a full canopy and exert strong 
stomatal control over transpiration to maintain plant water 
balance during a diurnal cycle, deciduous species remain 
leafless for varied periods of time in the dry season. Moreo-
ver, many deciduous species have very deep roots which 
can access moist soil layers and, therefore, the regulation of 
water loss would not be as critical as in evergreen species 
(Bucci et al. 2005; Jackson et al. 1999; Scholz et al. 2002).

The aim of this study was to investigate the effect of 
host phenology on water use strategies of the generalist 
mistletoe Passovia ovata in the Cerrado. We hypothesized 
that mistletoes parasitizing an evergreen host would adopt 
a stronger stomatal control over transpiration and that this 
control would enable them to maintain year-round home-
ostasis in leaf water potential in close association with 
changes in water balance and water loss of the host and, 
thereby, avoid increased water deficits during the dry sea-
son. In contrast, leaf loss would not only decrease the water 
demand of the deciduous host during the dry season, but it 
would also relieve competition for water between the host 
and the attached evergreen mistletoe, thereby reducing the 
need for strong stomatal regulation of transpiration. We 
also expected that these differences would be reflected in 
stomatal characteristics, in particular on stomatal density 
and guard cell dimensions of the attached mistletoe.

Materials and methods

The study was conducted in a Cerrado site located 
35  km south of Brasília in the Federal District of Bra-
zil (15°56′41″S, 47°53′07″W), within the Nature Reserve 
of Roncador municipality, which belongs to the Brazilian 
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Institute of Geography and Statistics (RECOR/IBGE). The 
study site is classified as a typical savanna (Cerrado sensu 
stricto), with a deep, well-drained, strongly acid dystrophic 
latosol (pH of approx. 4.2) with high aluminium (Al3+) 
saturation. The climate of the region is tropical, classified 
as Aw according to the Köppen Climate Classification Sys-
tem, with marked seasonality and an annual total rainfall 
of 1450  mm, which occurs mostly during the wet season 
(from October to April). Evapotranspiration in the study 
area ranges from 1.9  mm  day−1 during the dry season to 
3.5  mm  day−1 in the wet season (Maitelli and Miranda 
1991; Miranda et al. 1997).

All measurements took place during the peaks of the wet 
(Jan 2009) and dry (Aug 2009) seasons, respectively. We 
sampled ten mistletoe P. ovata (Pohl ex DC.) Kuijt (Lor-
anthaceae) plants, of which five were parasitizing Miconia 
albicans (Sw.) Steud. (Melastomataceae), an evergreen 
species, and five were parasitizing Byrsonima verbasci-
folia (L.) DC. (Malphighiaceae), a deciduous species. We 
measured the leaves of healthy, non-infected branches of 
the host plants. For both host plants and mistletoes, mature 
fully-expanded sun-exposed leaves without signs of senes-
cence and herbivory were used for the analysis.

We used an LCi portable photosynthesis system (ADC 
BioScientific Ltd., Hoddesdon, Hertfordshire, UK) to 
measure maximum photosynthetic rates (Amax), stomatal 
conductance (gs-max) and leaf transpiration (E) simultane-
ously. Briefly, the leaf cuvette was fitted with a halogen 
dichroic lamp that delivered a photosynthetic photon flux 
density of 1260 μmol  m−2  s−1 at the leaf surface, which 
was sufficient irradiance to saturate photosynthesis in these 
plants (Franco et  al. 2005). All measurements were per-
formed during the period from 0800 hours to 1130 hours 
in three leaves of each individual, in a randomized design 
where we considered each mistletoe–host pair to be the 
experimental sampling unit. The temperature of the cuvette 
temperature ranged from 29.2 °C to 31.7 °C during the wet 
season and from 26.5 °C to 29.4 °C during the dry season 
and did not differ between mistletoes and host species-–
airs (paired t test P = 0.159). Leaf-to-air vapour pressure 
deficit (VPD) also did not differ between species pairs, 
but for all VPD measurements, the values varied from 0.9 
to 2.3 kPa during the wet season, and from 1.7 to 2.9 kPa 
during the dry season. Water use efficiency (WUE) was 
calculated as the ratio of Amax and E. An AP4 porometer 
(Delta-T-Devices Ltd., Cambridge, UK) was used to obtain 
a diurnal cycle of stomatal conductance (gs), with measure-
ments taken each day at 2-h intervals between 0800 hours 
and 1600 hours, for a total of five measurements per day. 
Before each cycle of measurements, we recalibrated the 
instrument by using the Delta-T calibration plate. Stomatal 
conductance on mistletoes was measured on both leaf sur-
faces and expressed as the sum of the two measurements. 

Both mistletoe hosts had hypostomatic leaves, and stoma-
tal conductance measurements were performed only in 
the abaxial surface. Leaf predawn (ψpd) and midday (ψmd) 
water potentials were measured in the field using a pres-
sure chamber (PMS Instrument Co., St, Albany, OR) before 
sunrise (0500 hours for ψpd) and at noon (1200 hours for 
ψmd), respectively.

We determined stomatal density and guard cell dimen-
sions in mistletoes leaves. Laminas subjected to histo-
chemical treatment were mounted with dissociated epi-
dermis from the leaves collected during the wet season 
and inserted in a glacial acetic acid and hydrogen peroxide 
solution (1:1) (modified from Franklin 1945). After com-
pletion of the dissociation, the semi-permanent laminas 
were stained with safranin and mounted with glycerin. The 
images were obtained with an optical microscope (model 
CX31; Olympus, Tokyo, Japan) mounted with a digi-
tal camera (model C-7070; Olympus) and analysed with 
Image Pro-Plus software (Media Cybernetics Inc., Rock-
ville, MD). The following traits were measured: stomatal 
density (number  per square millimetre), length of guard 
cells (in micrometres) and the equatorial stomatal diameter 
(stomata width in micrometres). We measure 250 stomata 
in each sample, totalling 20 fields per leaf analysed under 
a 10× lens.

The software R version 3.0.1 (R Development Core 
Team 2008) was used for all statistical analyses. Normal-
ity of the data was checked with Shapiro–Wilk test, which 
is appropriate for small sample sizes (Quinn and Keough 
2002). The effects of season and phenology on the physi-
ological parameters were determined by multivariate 
analysis of variance (MANOVA) for mistletoes and hosts 
separately, followed by univariate ANOVAs to test for indi-
vidual effects of each of the five response variables. Pair-
wise comparisons between each season were performed in 
order to test for differences in photosynthetic rates (Amax), 
stomatal conductance (gs-max), WUE and leaf water poten-
tial (ψ) between host species, and between mistletoes para-
sitizing the deciduous and those parasitizing the evergreen 
host.

We compared mistletoe stomatal traits (density, length 
and width) from the different leaf surfaces between P. 
ovata growing on deciduous hosts and those growing on 
evergreen hosts using ANOVAs followed by Tukey’s HSD 
tests. Finally, to evaluate whether the differences in these 
traits were actually reflecting physiological differences, we 
performed Pearson’s correlation between stomatal traits 
and stomatal conductance for P. ovata parasitizing the two 
different hosts. Differences in these bivariate relationships 
were tested using the Standardised Major Axis Tests and 
Routines (SMATR) software program (Warton et al. 2012). 
For all tests, differences were considered to be significant 
at P < 0.05.
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Results

Seasonal changes in leaf gas exchange and leaf water 
potential

There were significant effects of season, type of leaf phe-
nology and the interaction between season and leaf phe-
nology for the gas exchange parameters of host species 
(Tables 1, 2). Maximum photosynthetic rates of both hosts 

decreased in a similar magnitude from wet to dry season 
(Table  2; Fig.  1a). The lower Amax of the evergreen host 
in the dry season compared to the wet season was associ-
ated with a concomitant decrease in gs-max, while the lower 
Amax of the deciduous host in the dry season was probably 
associated to some other factor, such as leaf senescence, 
because similar values of gs-max were measured in the dry 
and the wet season in the deciduous host (Fig. 1a, c). As a 
result, gs-max of the deciduous host was lower than that of 
the evergreen host during the wet season, but similar to that 
of the evergreen host in the dry season (ANOVA F = 3.89; 
P  <  0.05 for the interaction host phenology  ×  season; 
Table  2; Fig.  1c). The decrease in Amax combined with 
unchanged gs-max was reflected in lower WUE values for 
the deciduous host compared to the evergreen host in the 
dry season (Fig. 1e).

When all leaf parameters were considered together, 
there was no significant interaction effect between season 
and phenology of the host for mistletoes (Table  1), sug-
gesting that, overall, the mistletoes showed similar behav-
iour between dry and wet seasons irrespectively of the 
host phenology. However, univariate analysis revealed 
that the parasitizing mistletoes displayed contrasting pat-
terns of Amax and gs-max that was host-dependent (Fig.  1). 
Mistletoes parasitizing the evergreen host decreased Amax 
and gs-max during the dry season (paired t tests P < 0.05), 
while mistletoes parasitizing the deciduous host main-
tained a similar Amax in both seasons but increased gs-max 

Table 1   Multivariate analysis of variance for the effects of phenol-
ogy and season on leaf parameters of the two host plant species (the 
evergreen Miconia albicans and deciduous Byrsonima verbascifolia) 
and their parasitizing mistletoes (Passovia ovata)

* Significantly different at P < 0.05
a  Leaf phenology parameters were: maximum photosynthetic rate 
(Amax), maximum stomatal conductance (gs-max), transpiration (E) and 
pre-dawn (ψpd) and midday (ψmd) water potential (ψ)

Source of variation df F value P value

Hosts

  Leaf phenologya 5.10 8.780 0.002*

  Season 5.10 3.974 0.030*

  Leaf phenology × season 5.10 5.758 0.009*

Mistletoes

  Leaf phenology of the host 5.10 0.554 0.732

  Season 5.10 8.115 0.003*

  Leaf phenology of the host × season 5.10 2.396 0.092

Table 2   Univariate analysis 
of variance for each of the 
response variables tested: 
maximum photosynthetic 
rates, maximum stomatal 
conductance, transpiration, pre-
dawn leaf water potential and 
midday leaf water potential, for 
mistletoes and hosts separately

* Significantly different at P < 0.05

Mistletoe Host

Source of variation df F value P value Source of variation df F value P value

Phenology of the host 1,14 Phenology 1,14

 Amax 1.182 0.295  Amax 4.732 0.047*

 gs-max 0.006 0.937  gs-max 0.089 0.769

 E 0.014 0.908  E 0.565 0.464

 ψpd 1.961 0.183  ψpd 3.534 0.081

 ψmd 0.067 0.799  ψmd 20.315 <0.001*

Season 1,14 Season 1,14

 Amax 0.736 0.405  Amax 6.527 0.023*

 gs-max 0.679 0.424  gs-max 14.664 0.002*

 E 0.197 0.664  E 1.872 0.193

 ψpd 23.730 <0.001*  ψpd 2.662 0.111

 ψmd 36.032 <0.001*  ψmd 1.287 0.276

Phenology of the host × season 1,14 Phenology × season 1,14

 Amax 3.439 0.041*  Amax 0.066 0.800

 gs-max 4.603 0.040*  gs-max 3.886 0.049*

 E 10.543 0.006*  E 14.919 0.002*

 ψpd 2.325 0.149  ψpd 0.141 0.172

 ψmd 0.325 0.577  ψmd 5.035 0.041*
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in the dry season (Fig.  1b, d). Therefore, P. ovata on the 
deciduous host showed a higher gs-max than P. ovata on the 
evergreen host in the dry season, but there was not differ-
ence in gs-max between P. ovata on the different hosts dur-
ing the wet season (ANOVA F =  4.60, P =  0.04 for the 
interactions host phenology × season; Table 2, Fig. 1d). P. 
ovata on both hosts showed similar values of WUE in the 
wet season (Fig. 1f). In contrast, WUE of the mistletoe on 
the evergreen host increased in the dry season (paired t test, 
P  < 0.01), while WUE of P. ovata on the deciduous host 
decreased (paired t test, P < 0.01, Fig. 1f).

Despite the deciduous behaviour of B. verbascifo-
lia, during the measurements taken at the peak of the dry 
season, plants still had a few mature to senescent leaves 

attached (i.e. the abscission layer was still not formed). In 
order to confirm that the mistletoe would be able to main-
tain the water flux in the complete absence of leaves in 
the host plant, we performed a second set of gas exchange 
measurements in the same P. ovata individuals after the 
deciduous host had lost all the leaves. There was no signifi-
cant difference between the first and second set of measure-
ments [paired t tests: all P > 0.1; Electronic Supplementary 
Material (ESM) 1].

The midday water potential (ψmd) values of the decidu-
ous host B. verbascifolia were less negative than those of 
the evergreen host M. albicans, reflecting a lower amplitude 
in water potential (Δψ) during the day (ANOVA F = 5.04, 
P =  0.041 for the interaction host phenology ×  season; 

Fig. 1   Pair-wise comparisons 
between wet (grey boxes) and 
dry (white boxes) seasons for 
maximum photosynthetic rates 
(Amax; a, b), maximum stomatal 
conductance (gs-max ; c, d) and 
water use efficiency (WUE; e, f) 
for the evergreen host Miconia 
albicans and the deciduous host 
Byrsonima verbascifolia (a, c, 
e) and the attached mistletoe 
Passovia ovata (b, d, f). Thick 
horizontal line in box Median, 
error bars 10 and 90 percen-
tiles, respectively, small open 
circles outliers. Asterisk denotes 
significant differences between 
the dry and wet seasons at 
P < 0.05
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Table 2; Fig. 2). Despite generally maintaining similar leaf 
water potential values on both hosts, there was a significant 
seasonal effect on ψpd and ψmd for P. ovata (P < 0.001 for 
both cases; Table 2; Fig. 2). Moreover, P. ovata on the ever-
green host showed a larger Δψ during the dry season than 
during the wet season (ESM 2).

Stomatal behaviour and morphology

The diurnal courses of gs for host plants and associated 
mistletoes at the peak of the dry and wet seasons showed 
that mistletoes maintained higher gs than their hosts for 
most of the day in the two seasons (ESM 3). When the 
diurnal course of gs of the host was plotted against the cor-
responding diurnal course of gs of the attached mistletoe, 
hysteresis in mistletoe gs was observed in both the wet and 
dry seasons (Fig. 3a, b). We also found a clear effect of the 
dry period on gs. For both mistletoe–host pairs, the curve 
was strongly compressed during the dry season (i.e. smaller 
range in gs values); however, the impact of the dry period 
was more conspicuous for mistletoes parasitizing the ever-
green host, which showed not only a smaller amplitude in 
gs, but also lower minimum and maximum gs than mistle-
toes parasitizing the deciduous host (Fig. 3; ESM 3).

Stomatal density on both leaf surfaces of P. ovata on the 
deciduous host was lower than that on both leaf surfaces 
of P. ovata on the evergreen host (Table  3; ESM 4). The 
stomata of mistletoes parasitizing the deciduous host were 
also wider, although there were no differences in stomatal 
length (Table  3; ESM 4). The stomatal ratio between the 
adaxial and abaxial leaf surfaces was 1.43 ± 0.16 and did 

not differ between mistletoes parasitizing the evergreen and 
deciduous hosts. Stomatal density and gs-max were highly 
correlated (Fig. 4), but individual slopes were significantly 
different depending on the host, with a much steeper rela-
tionship for the mistletoe associated with the evergreen 
host (P = 0.007; Fig. 4). No significant correlations were 
found between the other stomatal traits and gs (P > 0.05 for 
all cases).

Discussion

In highly seasonal environments, plants must be able to 
physiologically and morphologically deal with water short-
age situations. However, the adaptive responses of parasitic 
plants to such pressures may differ, especially if they are 
able to parasitize a wide range of hosts. In this context, our 
key expectation was fulfilled. Mistletoes showed tighter 
regulation of water loss when parasitizing an evergreen 
host than when parasitizing a deciduous one. Differences 
were also found in the stomatal anatomical traits, where 
P. ovata on the deciduous host showed lower stomatal 

Fig. 2   Pre-dawn (open symbols) and midday (closed symbols) 
water potential (ψ) for the evergreen host M. albicans (circles), the 
deciduous host B. verbascifolia (squares) and the mistletoe P. ovata 
parasitizing the evergreen host (diamonds) and the deciduous host 
(triangles) during the wet and the dry seasons. Arrows indicate sig-
nificant differences between the wet and dry seasons for mistletoes 
(P < 0.05). Seasonal differences were not significant (P > 0.05) for 
hosts. Statistical tests, means and standard errors (SE) are shown in 
ESM 2

Fig. 3   Interdependence between the stomatal conductance (gs) of 
the mistletoe P. ovata and the deciduous host B. verbascifolia (a), 
and between P. ovata and the evergreen host M. albicans (b), for dry 
(filled symbols) and wet (open symbols) seasons. Values are means for 
diurnal courses as shown in ESM 3. The direction of the arrows rep-
resents variation during the course of the day
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density and wider stomata. Taken together, these results 
suggest that mistletoes parasitizing evergreen hosts are 
more constrained to regulate water loss than plants of the 
same mistletoe species parasitizing deciduous hosts. Fur-
thermore, our results provide evidence that P. ovata shows 
morphophysiological plasticity according to the host it is 
parasitizing.

Seasonal changes in leaf gas exchange and leaf water 
potential

The majority of Cerrado woody species considerably 
restrict the stomatal aperture during the dry season because 
of the high solar irradiation, high temperatures, low air rel-
ative humidity and restricted soil water availability (Bucci 
et  al. 2004; Franco et  al. 2005; Meinzer et  al. 1999). We 
found that P. ovata growing on the evergreen M. albicans 

decreased their Amax and gs-max, thereby increasing WUE, 
from the wet to the dry season (Fig. 1). In comparison, P. 
ovata growing on the deciduous B. verbascifolia increased 
their gs-max but maintained Amax at the same level, thereby 
reducing WUE, from the wet to the dry season (Fig.  1b, 
d, f). The differences might be explained by the contrast-
ing patterns of leaf phenology of the two hosts. While the 
evergreen M. albicans maintains a green canopy during the 
dry season, the deciduous B. verbascifolia drops its leaves 
and remains leafless for a period of up to 3 weeks. In fact, 
we observed that P. ovata was capable of maintaining the 
water flux through the deciduous host even when the host 
had no leaves at all (ESM 1). When water is limited, mis-
tletoes compete for water with the branches of the host tree 
(Glatzel and Geils 2009). Based on our results, mistletoes 
parasitizing deciduous trees may have an advantage over 
those parasitizing evergreens due to reduced competition 
with host leaves during the most critical period of the year 
for water acquisition.

The regulation of plant water balance was significantly 
different between the host and the attached mistletoe. Mis-
tletoes attained a more negative minimum leaf ψ during the 
dry season than during the wet season, showing an aniso-
hydric behaviour, in contrast to the isohydric behaviour 
of the host, which maintained similar ψ values through-
out the year (Fig. 2). The small seasonal variation in leaf 
water status in Cerrado woody trees suggests that they 
have access to soil water throughout the year (Bucci et al. 
2005; Meinzer et al. 1999; Rawitscher 1948; Scholz et al. 
2002). However, access to soil water reserves would not be 
enough to maintain a relatively stable plant water balance 
in a seasonal environment subjected to a long dry season 
coupled with a strong atmospheric evaporative demand. 
Isohydric behaviour can only be maintained through strong 
stomatal control and a concomitant decrease in the leaf sur-
face area in a dry season, together with other compensatory 
mechanisms (Bucci et  al. 2005). Mistletoes, on the other 
hand, may experience a more relaxed selective pressure to 
optimize the use of water, achieving a more negative ψ in 
the dry season (Fig. 2; ESM 2). However, we observed that 

Table 3   Stomatal traits of mistletoe P. ovata parasitizing the deciduous host B. verbascifolia and the evergreen host M. albicans

Values shown are the results of the analysis of variance for each of the stomatal traits for the mistletoes on the two hosts, presented as the mean 
± standard error (n = 5 measurements). Different lowercase letters indicate signficant differences between hosts and leaf surfaces at P < 0.05

Stomatal traits Leaf surface P. ovata on B. verbascifolia P. ovata on M. albicans ANOVA results

Stomatal density (number mm−2) Abaxial 107.30 ± 4.38 a 147.97 ± 5.66 c F = 24.64, P < 0.001

Adaxial 71.92 ± 7.22 b 102.61 ± 5.99 a

Stomata width (μm) Abaxial 38.52 ± 0.85 a 34.55 ± 0.65 b F = 7.77, P = 0.03

Adaxial 34.75 ± 1.18 b 32.72 ± 0.34 b

Stomata length (μm) Abaxial 53.83 ± 1.71 a 48.15 ± 2.08 b F = 2.37, P = 0.114

Adaxial 49.79 ± 2.03 b 45.87 ± 2.35 b

Fig. 4   Standardized major axis (SMA) relationship between stoma-
tal density and maximum stomatal conductance (gs-max) for abaxial 
and adaxial leaf surfaces of P. ovata parasitizing the evergreen host 
M. albicans (circles, dashed line) and the deciduous host B. verbas-
cifolia (triangles, continuous line). Individual slopes were different 
(P = 0.007). SMA description: P. ovata on M. albicans: slope 3.45, 
95 % confidence interval (CI) 2.59–4.61), r2 = 0.87; P. ovata on B. 
verbascifolia: slope 1.56, 95 % CI 1.06–2.28, r2 = 0.77
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during the dry season both hosts and mistletoes showed a 
small seasonal variation in ψ amplitude (Δψ) and tighter 
stomatal control of transpirational losses, which suggests 
that mistletoes, particularly those on evergreen hosts, are 
strongly constrained by both the high atmospheric evapo-
rative demand during the dry season and hydraulic limita-
tions imposed on the host plant (Meinzer et al. 1999).

Stomatal behaviour and morphology

The observed diurnal cycles of stomatal conductance 
(ESM 3) and the relationship between host and mistletoe 
gs throughout the day (Fig. 3) partially corroborated a con-
servative water use strategy and showed coordinated sto-
matal control between mistletoes and their hosts. Although 
stomatal conductance was higher in the mistletoes than in 
the host plants during most of the day, both mistletoes and 
hosts maintained similar daily patterns of stomatal con-
ductance which, during the wet season, consisted of a peak 
at noon, followed by a continuous decrease until the end 
of the day. However, mistletoes were not as constrained as 
the host plants: during extreme drought stress conditions 
(dry season), host stomata remained virtually closed during 
most of the day, while those of the parasitizing mistletoes 
were maintained partially open; this was especially evident 
for P. ovata on B. verbascifolia.

Ullmann et  al. (1985) measured the diurnal stomatal 
conductance in 19 mistletoe–host pairs in arid and semi-
arid environments in Australia and concluded that mistle-
toes likely possess a mechanism to restrict transpiration. 
In that study, the studied mistletoe species showed a clear 
coordination with host physiological behaviour in terms 
of similar patterns of diurnal cycle, which is similar to 
our results for Cerrado mistletoes. The authors suggested 
that this correspondence could occur because of similar 
responses to external factors, such as the water VPD (Ull-
mann et al. 1985). In a global analysis, Scalon and Wright 
(2015) showed that mistletoes become more conservative 
in their water use with increasing aridity, suggesting that 
they respond to environmental constraints in a manner 
similar to that of their hosts. Alternatively, mistletoes could 
be responding to an internal mechanism driven by the host, 
such as hormonal control, as suggested by Ullmann et  al. 
(1985). Even though our study was restricted to a small 
spatial scale, our results support the latter notion, since the 
same species of mistletoe in the same site (e.g. subjected to 
similar VPD) showed different stomatal behaviour depend-
ing on the host to which it was attached (Fig. 3).

In our study, P. ovata also exhibited plasticity on stoma-
tal anatomical traits that resulted in unique relationships 
between stomatal conductance and stomata density depend-
ing on the host it was parasitizing. On the deciduous host, 
P. ovata had fewer, but larger stomata, which suggests an 

increased access to water compared to the mistletoe on the 
evergreen host. Increasing stomatal density and decreasing 
stomatal size are related to water deficit (Cutler et al. 1977; 
Hetherington and Woodward 2003; Spence et al. 1986; Xu 
and Zhou 2008). Higher stomatal density is associated to 
lower water availability due to a better stomatal control in 
regulating water loss by transpiration (Lleras 1977; Sachs 
2005). Therefore, the differences in stomatal density which 
we found for P. ovata on the different hosts could be attrib-
uted to the distinct water use strategy of the host species. 
In fact, deciduous tree species from the Brazilian Cerrado 
not only drop their leaves in the dry season, which greatly 
reduces their water demand, but they generally have deeper 
roots and more reliable water sources than evergreen spe-
cies (Jackson et al. 1999).

Undoubtedly, other aspects related to life history might 
need to be considered. For example, architectural varia-
tion could possibly influence physiological responses. In 
terms of individual differences, the place of attachment 
of mistletoe to the deciduous host tended to be higher 
(mean ± standard error: 94.87 ± 9.18 cm; n = 5) than that 
of its counterpart to the evergreen host (49.10 ± 9.86 cm; 
n = 5). This higher position, in combination with the decid-
uous characteristic of the host, has the potential to affect 
light incidence, which in turn can affect the stomata density 
of the newly forming leaves (Casson and Gray 2008). How-
ever, irrespective of the deciduous or evergreen nature of 
the host, all sampled individual P. ovata plants had similar 
total number of leaves and leaf area (ESM 5).

In a study comparing gallery forest (Cerrado humid for-
est formation) and Cerrado sensu stricto species, Rossatto 
et  al. (2009) reported that stomata length values ranged 
from 15 and 45 μm, which is a much lower range than that 
observed for the mistletoe in our study. Larger stomata are 
usually found in mesophytic environments because of the 
slower response of plants and abundant water consump-
tion (Galmés et  al. 2007), while smaller stomata tend to 
be found in xeric environments, where a tighter control of 
water loss is essential (Aasamaa et  al. 2001). Our result 
is not surprising since mistletoes evolved under different 
selective pressures than the species studied by Rossatto 
et  al. (2009) and because the water unit-cost is probably 
much lower for parasitic plants (Scalon and Wright 2015). 
We suggest that higher stomatal density and larger stomata 
sizes might be a trend among other mistletoe species, as 
previously reported for another species of the same genus, 
Passovia pyrifolia (El-Sharkawy et al. 1986) and for differ-
ent species of mistletoes from the Viscaceae family, such 
as Phoradendron villosum (Hollinger 1983) and Viscum 
album (Escher et al. 2008).

Whether selective pressures imposed by the colonization 
of hosts with contrasting leaf phenologies are sufficiently 
strong to result in the evolution of different host races of P. 
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ovata is currently not known. This phenomenon has been 
described for many different species, such as Phoradendron 
tomentosum (Clay et al. 1985), Phoradendron californicum 
(Glazner et  al. 1988), Arceuthobium americanum (Jerome 
and Ford 2002), and Viscum album (Zuber and Widmer 
2009), suggesting that host identity is a factor causing 
genetic differentiation between mistletoe races. However, 
most of these studies considered geographic areas that 
were larger than our study site, where both hosts are grow-
ing sympatrically within the same site, which would favour 
host race formation.

To the best of our knowledge, this is the first study to 
show morphophysiological differences in the same mistle-
toe species attached to deciduous and evergreen hosts. We 
have shown that mistletoe and host diurnal courses of sto-
matal conductance were coupled across the different sea-
sons and that deciduous plants are capable of maintaining 
the flow of water through the xylem water flux even after 
leaves had dropped, suggesting that the maintenance of 
host vascular system integrity during the leafless period. 
More broadly, our results suggest that phenotypical plas-
ticity might favour generalist mistletoes, allowing them to 
cope with the physiological particularities of a range of dif-
ferent hosts.
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