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* Background and Aims Plants inhabiting arid environments tend to have leaf trichomes, but their adaptive sig-
nificance remains unclear. Leaf trichomes are known to play a role in plant defence against herbivores, including
gall makers. Because gall formation can increase water loss partly through increased surface area, we tested the
novel hypothesis that leaf trichomes could contribute to avoiding extra water stress by impeding gall formation,
which would have adaptive advantages in arid environments.

* Methods We focused on Metrosideros polymorpha, an endemic tree species in the Hawaiian Islands, whose
leaves often suffer from galls formed by specialist insects, Hawaiian psyllids (Pariaconus spp.). There is large
variation in the amount of leaf trichomes (0—40 % of leaf mass) in M. polymorpha. Three gall types are found on
the island of Hawaii: the largest is the ‘cone’ type, followed by ‘flat’ and ‘pit’ types. We conducted laboratory ex-
periments to quantify the extent to which gall formation is associated with leaf water relations. We also conducted
a field census of 1779 individuals from 48 populations across the entire range of habitats of M. polymorpha on
the island of Hawaii to evaluate associations between gall formation (presence and abundance) and the amount of
leaf trichomes.

* Key Results Our laboratory experiment showed that leaf minimum conductance was significantly higher in
leaves with a greater number of cone- or flat-type galls but not pit-type galls. Our field census suggested that the
amount of trichomes was negatively associated with probabilities of the presence of cone- or flat-type galls but not
pit-type galls, irrespective of environmental factors.

* Conclusion Our results suggest that leaf trichomes in M. polymorpha can contribute to the avoidance of extra
water stress through interactions with some gall-making species, and potentially increase the fitness of plants
under arid conditions.

Keywords: Leaf trichome, water limitation, plant—insect interaction, defence, gall, Hawaiian psyllid, Pariaconus,
Metrosideros polymorpha.

INTRODUCTION trichomes could indirectly contribute to the plant’s adaptation
to arid environments through plant-herbivore interactions, es-
pecially for plants suffering from gall-makers. Gall formation
is likely to increase water stress in host plants (Florentine et al.,

Plants under water-stress conditions, such as arid and sun-
exposed environments and during dry seasons, tend to have
a greater density or amqunt of leaf trichomes compared with 2005; Nabity er al., 2012) because galls increase the surface
those under mesic conditions (e.g. Aronne and De Micco, 2001; 505 of Jeaves and in theory increase evaporative water loss.
Agrawal er al., 2009; Ichie et al., 2016). These patterns may ) Jine with this hypothesis, Bailey et al. (2015) reported that
be attributable to one or multiple functions of leaf trichomes, o0 a550ciated with drought tolerance were notably expressed
including reflecting sunlight (e.g. Ehleringer, 1984), saving j, oa11ed leaves compared with ungalled leaves. Based on these
water by increasing the boundary layer (e.g. Wuenscher, 1970) studies, we propose the novel hypothesis that leaf trichomes

and promoting foliar }vater uptgke (e.g..Benzmg et al.., 1976)% have adaptive significance under arid conditions by impeding
On the other hand, defence against herbivores, which is one o gall formation, which otherwise increases water stress.

the major functions of leaf trichomes for a wide range of taxa, Metrosideros polymorpha, an endemic and dominant tree
is not typically considered to be a key function in water-stress  (,00ieq in the Hawaiian Islands, shows extreme phenotypic
coqdmons. Legftrlphomes play ?1.role ofphys1ca1.and chemical  y;iiations across a wide range of habitat conditions: mean
resistance against insect oviposition and/or feeding (Johnson, . ... temperature (MAT) ranges from 8 to 23 °C, mean an-

1975, Levin, 1973, Dalin et al., 2008), which appears to be in- nual precipitation (MAP) from <400 to >10 000 mm year’l
dependent of drought tolerance. However, we consider that leaf
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and soil age (SA) from a few decades to >4 000 000 years
(Kitayama and Mueller-Dombois, 1995; Cordell ef al., 1998;
Cornwell et al., 2007). The variation in the amount of trich-
omes (non-glandular) on the lower leaf surface is remarkable,
ranging from 0 to 150 g m™2, and trichomes account for up to
40 % of total leaf mass (Joel et al., 1994; Tsujii et al., 2016;
Amada et al., 2017). Such large phenotypic diversity is mostly
genetically determined rather than a result of acclimation to
habitat conditions (Tsujii ef al., 2016) and is associated with
three major varieties on the island of Hawaii: a glabrous variety
(var. glaberrima) and two pubescent varieties (var. polymorpha
and var. incana). It should be noted that there are many inter-
mediate forms due to a lack of reproductive isolation mechan-
isms among the varieties (Stacy ef al., 2014, 2016). Glabrous
individuals are often abundant in moderately wet areas whereas
pubescent individuals are more abundant in dryland, high-
elevation or bog areas where plants may suffer from drought,
low-temperature or anaerobic conditions (Vitousek et al., 1992;
Stacy et al., 2014; Tsujii et al., 2016). While previous studies
have repeatedly considered that leaf trichomes have adaptive
significance in arid environments (Joel et al., 1994; Hoof et al.,
2008; Tsujii et al., 2016), Amada et al. (2017) showed that the
increased boundary-layer resistance due to the leaf trichomes of
M. polymorpha had negligible effects on water-use efficiency,
which is calculated as the ratio of assimilation rate to transpir-
ation rate. Therefore, leaf trichomes should have ecological
functions, other than boundary-layer resistance, that can con-
tribute to higher fitness under water stress.

In the present study we focus on plant—insect interactions
in relation to water stress. Leaves of M. polymorpha often
suffer from galls of various morphological types made by en-
demic Hawaiian psyllids (Pariaconus spp.; Fig. 1; Nishida
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et al., 1980; Lee, 1981; Gruner 2004; Percy, 2017). Thirty-six
Pariaconus species, which all occur only on M. polymorpha,
have diversified from a single ancestor probably in response to
diverse phenotypes of the host tree species across the Hawaiian
islands (Percy, 2017). This M. polymorpha—Pariaconus re-
lationship offers an ideal model system to understand how
plant—insect interactions are formed and how they are related
to plant adaptation under water stress. The morphology of galls
differs depending on psyllid species (but not all psyllid spe-
cies make galls as some species are free-living; Percy, 2017).
On the island of Hawaii, three morphological types of gall are
commonly observed on leaves of M. polymorpha: cone-, flat-
and pit-type galls, which are induced by P. pyramidalis, P. pele
and P. minutus, respectively (Fig. 1; Nishida et al., 1980; Percy,
2017). Pariaconus pyramidalis makes enclosed cone-type galls
that considerably extend from the leaf lower surface, and the
galls open on the leaf upper surface by a circular fissure re-
sembling a trapdoor (Fig. 1A-C; Percy, 2017). Pariaconus
pele makes enclosed flat-type galls that extend moderately
from both sides of the leaves, and the galls open on the leaf’s
lower surface by irregular fissures (Fig. 1D-F; Percy, 2017).
Pariaconus minutus makes small open pit-type galls that occur
only on the upper leaf surface, and the immature psyllids de-
velop on the galls, which do not dehisce (Fig. 1G-J; Percy,
2017). Pariaconus pyramidalis and P. pele attack leaves from
the leaf’s lower surface while P. minutus attacks from the leaf’s
upper surface (Percy, 2017; leaf trichomes are located on the
leaf’s lower side).

Previous studies showed that the number of psyllid galls
was smaller on pubescent individuals than on glabrous ones at
some sites but not at other sites on the island of Hawaii without
classifying the morphological types of galls (Lee, 1981;
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FiG. 1. Representive images of galls induced by Hawaiian psyllids (Pariaconus spp.) on leaves of Metrosideros polymorpha. (A—C) Cone-type galls (large size)

from the upper (A) and lower leaf surface (B), and an immature psyllid uncovered by dissection of the enclosing gall (C). (D-F) Flat-type galls (intermediate size)

from the upper (D) and lower leaf surface (E), and an immature psyllid uncovered by dissection of the enclosing gall (F). (G-I) Pit-type galls (small size) from

the upper (G) and lower leaf surface (H), and an immature psyllid developed in the hollow of the open gall (I, J). White arrows indicate immature forms of each
psyllid (C, F, J).
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Gruner et al., 2005). Recently, Percy (2017) reported that
cone- and flat-type galls were found in both glabrous and pu-
bescent individuals, but pit-type galls were typically found in
pubescent individuals. Nishida et al. (1980) found that the dis-
tributions of these psyllid species were different along eleva-
tion, at least on a south-eastern slope of Mauna Loa, implying
that psyllid species may have distinct preferences for environ-
mental conditions (Price et al., 1987; Stone and Schonrogge,
2003) such as temperature (Henson, 1958), aridity (Fernandes
and Price, 1992; Price et al., 1998) or soil fertility (Blanche
and Westoby, 1995). Therefore, the impact of leaf traits on
the abundance of the Hawaiian psyllids needs to be examined
for each species with consideration of these environmental
conditions.

In order to test the above-mentioned novel hypothesis, that
leaf trichomes have adaptive significance under arid conditions
by impeding gall formation, first we conducted a laboratory ex-
periment to examine whether water loss is higher in leaves with
a greater number of galls. Second, across 48 populations on the
island of Hawaii (1799 individuals), we examined the extent to
which in situ variation in leaf trichomes is associated with the
presence/absence or abundance of each type of gall, while con-
sidering other leaf traits and environmental conditions. Based
on these examinations, we discuss the ecological significance of
the large variation in leaf trichome amounts in M. polymorpha.

MATERIALS AND METHODS

Study species

Metrosideros polymorpha (Myrtaceae) is an endemic and dom-
inant tree species in the Hawaiian islands. This species is dis-
tributed across a wide range of habitat conditions, as described
later, and shows a large degree of phenotypic polymorphism
(Stemmermann, 1983; Joel et al., 1994; Tsujii et al., 2016).
While the variation in phenotypic traits is continuous (Tsujii
et al., 2016), M. polymorpha on the island of Hawaii has been
classified into three major varieties, namely var. polymorpha,
var. glaberrima and var. incana. In this study, however, we did
not discriminate between these varieties as there were many
intermediate forms. Instead we measured some key traits, such
as the amount of leaf trichomes, in a quantitative manner de-
scribed later. In the following sections, we describe (1) experi-
ments that quantified the extent to which gall abundance is
associated with leaf water relations, and (2) field investigations
that evaluated associations between galls (presence and abun-
dance) and leaf traits across 48 study sites covering almost the
full range of habitat conditions of M. polymorpha on the island
of Hawaii.

Leaf physiological functions with and without galls

To evaluate the associations between galls and leaf water re-
lations, we conducted physiological and morphological meas-
urements on leaf samples that were collected from one site
where all three types of galls were found (ML-E-700-Y; altitude
750 m, MAT 17.1 °C, MAP 5934 mm year'; Supplementary
Data Table S1, Fig. S1). To determine the size of galls, we
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measured thicknesses of the galled parts and the intact parts of
mature leaves using a thickness gauge (7173, Mitsutoyo, Japan)
(11, 28 and 7 pairs were measured for cone-, flat- and pit-type
galls, respectively).

To examine whether the presence of galls is associated with
foliar specific mass and water content in leaves, we compared
mass per area and water content per area between the intact
and galled parts of mature leaves for each gall type separately.
Prior to this measurement, leaves were fully hydrated with a
wet paper towel sealed in Ziploc plastic bags overnight. We
punched out three 6-mm-diameter discs for galled parts and in-
tact parts, respectively, using a hole punch. We measured the
weights of these discs before and after drying in an oven (70 °C)
for more than 2 d. Mass per area (g m~2) and water content per
area (g m~2) were defined as dry mass and water mass per disc
area, respectively (10, 10 and 8 leaves were measured for cone-,
flat- and pit-type galls, respectively). Because all diameters of
galls were <6 mm (i.e. the size of a leaf disc), the excised discs
included intact leaf as well as galled parts; therefore, the in-
creases in mass per area and water content per area due to gall
formation should be considered as conservative estimates.

To examine whether the abundance of galls is associated
with water loss in leaves, we measured leaf minimum conduct-
ance (g . ), which is defined as water vapour conductance when
stomata are assumed to be closed (Duursma et al., 2019). Leaf
minimum conductance was measured from the rate of water
loss from a leaf in a dark condition (photosynthetic photon flux
density <10 pmol m=2 s7!; Sack et al., 2003). We selected a pair
of mature leaves: one with galls and another without galls for
each individual (1-28 galls per leaf). We included six pairs of
leaves that had no galls to quantify natural variation between
pairs of leaves. After the leaves had been fully hydrated with
a wet paper towel in Ziploc plastic bags overnight, we dried
leaves in a dark condition at room temperature (21.0 = 1.0 °C;
mean = s.e.) and relative humidity 73.0 = 5.0 %, and then meas-
ured changes in the weights of leaves more than eight times at
intervals of 30 min. Across the measurements, the leaf weight
and drying time showed a linear relationship (R? > 0.99), which
suggested that the stomata were closed (Sack er al., 2003).
After the mass measurement, leaf areas were measured from
the scanned leaf images (GT-S630, Epson, Japan) using ImagelJ
(National Institutes of Health, USA). We calculated leaf min-
imum conductance per area (g . ; mmol m™* s™') from the rate
of decrease in leaf weight per area (13, 21 and 10 paired leaves
were measured for cone, flat and pit types, respectively).

Associations among galls, leaf traits and environmental
conditions

During July and August 2016 and 2017, we established 48
study sites that covered almost the full range of habitat condi-
tions of M. polymorpha on the island of Hawaii; altitude ranged
from 10 to 2400 m a.s.l. (from coast to treeline), MAT from 8.9
to 23.3 °C, MAP from 470 to 6390 mm year!, aridity index
(AD) from 0.29 to 3.95 and soil age from 45 to >260 000 years
(Supplementary Data Table S1, Fig. S1; Sherrod et al., 2007,
Giambelluca et al., 2014). The Al was calculated as MAP/mean
annual potential evapotranspiration and can be used as an index
of dryness: more arid when Al is smaller (Al < 0.03, hyper-arid
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zone; 0.03 < Al < 0.20, arid zone; 0.20 < Al < 0.50, semi-arid
zone; 0.50 < Al < 0.75, dry sub-humid zone; Al > 0.75, humid
zone; UNESCO, 1979). At each site, 40 shoots were collected
from the outer crown of different individuals (1779 individuals
in total) to analyse the associations among galls, leaf traits and
environmental conditions.

For each individual, we counted the numbers of cone-, flat-
and pit-type galls on 6-14 leaves of the second-newest shoot,
which is more stable and ideal for counting the number of galls
than the newest shoot because psyllids typically attack the
newly developing shoots. We identified each type of gall ac-
cording to Percy (2017) (see Introduction section and Fig. 1).
Although the number of galls is not equal to the abundance of
adult psyllids, we assumed that the presence of galls reflects the
presence of adult psyllids to some extent; thus we can explore
distribution patterns of three psyllid species in relation to envir-
onmental conditions.

We used fully matured young leaves to measure leaf traits in
order to facilitate the comparison of leaf traits among individ-
uals or among populations. We divided leaf mass into lamina
mass and trichome mass by a shaving technique (Tsujii et al.,
2016). We defined leaf mass per area (LMA) associated with
lamina and trichome as LMA, and LMA,, respectively, ac-
cording to Tsujii ef al. (2016) (i.e. LMA = LMA| + LMA ). On
one half-side of a mature leaf (separated by the midrib), we
shaved leaf trichomes using a rubber thimble, and punched out
two 10-mm-diameter discs from both sides of the leaf. These
leaf discs were dried in silica gel and used for weighing with a
digital scale (0.01 mg precision). We calculated LMA. . from the
differences in dry weight between the discs with and without
trichomes.

Statistical analyses

To evaluate the extent to which gall formation influenced
leaf physiological functions, we calculated the response
ratios (R) of thickness, mass per area, water content per
area, water content per fresh mass and g . for gall formation
as follows:

min

Xc

Ryx =
Y =% (1)

where R, is the ratio of a trait X with gall formation (X)) to
that without galls (X;). We calculated R based on leaf discs
except for 8rin? for which whole leaves were used. We con-
sidered R_separately for cone-, flat- and pit-type galls. As
ratios have a log-normal distribution by nature (Sokal and
Rohlf, 1995), R_was natural log-transformed before all stat-
istical analyses.

Student’s r-test was used to test the differences between
galled and intact samples. One-way analysis of variance with
post hoc Turkey HSD multiple comparisons was used to test the
differences in traits among the three gall types. A standardized
major axis (SMA) slope was used to fit bivariate relationships
between the natural log-transformed R of g . and the natural
log-transformed number of galls per leaf area. Mean values and
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standard deviation of each trait in the galled and intact leaves
are shown in Supplementary Data Fig. S2.

To examine whether leaf traits and environmental conditions
were associated with gall formation (presence and abundance),
we used a zero-altered negative-binomial generalized linear
mixed model (glmmADMB package of R; Skaug et al., 2012).
This model was used because many shoots had no galls and
the frequency of the number of galls, except for non-galling
shoots, was strongly overdispersed from the Poisson distribu-
tion (Supplementary Data Fig. S3). The zero-altered negative-
binomial model is based both on the binomial distribution
model for presence/absence data and on the negative binomial
distribution model for count data except for zero (Martin et al.,
2005; Zuur et al., 2009). Thus, we constructed two models to
test the associations of environmental conditions and leaf traits
with the presence or absence of galls (Model I) and with the
number of galls (Model II). This is the standard analytical ap-
proach for this type of dataset (Zuur et al., 2009). In terms
of the choices of leaves by psyllids, we assumed that Model
I is more relevant because the presence/absence data may be
related to whether or not psyllids decide to lay eggs. On the
other hand, Model II may be more related to the behaviour
or capacity of psyllids after they decide to lay eggs. We as-
sumed that the associations between leaf traits and presence/
absence of galls (Model I) or the number of galls (Model II)
irrespective of environmental factors reflect the influences of
leaf traits on gall formation. In addition, we assumed that the
associations between environmental conditions and presence/
absence of galls (Model I) reflect the habitat preferences of
each psyllid species.

Because we intended to test whether the amount of leaf
trichomes has consistent negative effects on gall formation, a
linear term was assumed for this factor in the model. On the
other hand, because psyllids may have a unimodal distribu-
tion across environmental gradients (e.g. elevational gradients;
Nishida et al., 1980), both linear and quadratic terms were as-
sumed for the environmental factors in the model. A signifi-
cant negative quadratic term can be selected if psyllids have a
unimodal distribution across the environmental gradient. We
employed mean annual temperature, aridity index and soil
age (as indicator of soil fertility; Vitousek et al., 1988) as ex-
planatory variables in the models because the abundance of
gall makers may be related to temperature (Henson, 1958),
aridity (Fernandes and Price, 1992; Price ef al., 1998) and soil
fertility (Blanche and Westoby, 1995). We examined the es-
timated effects of LMA,, LMA, , mean annual temperature
(MAT, MAT?), aridity index (AI, AI?) and soil age (SA, SA?)
as fixed effects, and site as a random effect, on the numbers
of each type of galls per leaf area. Although leaf traits and
environmental conditions were not independent of each other
on the island of Hawaii (Joel et al., 1994; Tsujii et al., 2016),
we treated these parameters as independent fixed effects due
to the small variance inflation factor (VIF; <1.2). Each fixed
effect was standardized (zero mean and standard deviation
equal to 1). Because the number of galls should increase with
leaf area per shoot, total leaf area of a shoot was used as an
offset term in Model II. Soil age was used as the median of soil
age ranges available from Sherrod et al. (2007) for the ana-
lysis (Supplementary Data Table S1). Soil ages were natural
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log-transformed before standardization. Akaike’s information
criterion (AIC) was used to examine which explanatory vari-
ables were important for the abundance of each type of gall
(Supplementary Data Table S2).

All analyses were carried out with the R statistical package
(version 3.5.0; R Foundation for Statistical Computing, Vienna,
Austria).

RESULTS

Leaf water relations and gall formation

The leaf segments with galls had significantly higher thickness,
mass per area, water content per area and water content per fresh
mass irrespective of gall type (P < 0.05; Fig. 2A-D). These in-
creases in thickness, mass per area and water content per area were
largest in the cone type, followed by the flat and pit types (Fig.
2A-C). The increase in water content per fresh mass was larger in
the pit type than in the cone and flat types (Fig. 2D). Our conser-
vative estimates (see Materials and methods section) showed that
the mean response ratio of mass per area was 197, 149 and 115 %,
and the mean response ratio of water content per area was 211, 158
and 142 % for the cone-, flat- and pit-type galls, respectively (Fig.
2B, C). The response ratio of leaf minimum conductance per area
(g,;,) Was significantly positively associated with the number of
galls per leaf area in the cone or flat types (R*> = 0.31 and 0.30, re-
spectively) but not in the pit type (Fig. 3). The slopes of regression
lines (log—log scale) were 0.52 and 0.47 for the cone and flat types,
respectively, suggesting that leaf minimum conductance becomes
more than double compared with intact leaves when the density of
these galls exceeds one per square centimetre.
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Associations among galls, leaf traits and environmental
conditions

In line with previous studies (Joel et al., 1994; Tsujii et al.,
2016), pubescent individuals were dominant in dry conditions
and glabrous individuals were dominant in wet conditions
(Supplementary Data Fig. S4). The correlation between the
amount of leaf trichomes and aridity index was negative, as ex-
pected (r = —0.42, P < 0.01). In the present study, we tested
whether leaf traits and environmental conditions were asso-
ciated with the presence/absence of galls (Model 1) and with
the abundance of galls (Model II; see Materials and methods
section). Table 1 shows standardized coefficients of the best-fit
model based on AIC. These coefficients reflect the relative im-
portance of each factor for the presence or abundance of galls
(Model I or Model II). Interpretation of the linear coefficient
is straightforward when only a linear term is selected (higher
values indicate stronger effects) but may be more complicated
when a quadratic term is selected because the linear coefficient
is subjected to the quadratic coefficient. Negative or positive
values in the quadratic term indicate an upward or downward
convex relationship within the range of each factor.

The binomial distribution model for presence/absence data
(Model I) showed that the quadratic terms of temperature
(MAT?) were significantly negative in each gall type, suggesting
that there was a peak presence of each gall type across the tem-
perature gradient (Table 1, Fig. 4A—C). The peak temperature
for gall presence was different among the gall types; for cone,
flat and pit types it was around 20, 16 and 12 °C, respectively
(Fig. 4A—C). In particular, cone-type galls were rarely observed
at sites below 14 °C and pit-type galls were rarely observed
above 20 °C (Fig. 4A, C). The negative quadratic term for
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FIG. 2. Response ratio (R) of thickness (A), mass per area (B), water content per area (C) and water content per fresh mass (D) on a log scale. Different letters
above the boxes in each panel indicate significant difference at the 5 % level (Tukey—Kramer test among the three gall types).
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aridity index (AI?) was selected for the presence of the pit type,
and the peak aridity index was 2.4 (Table 1, Fig. 4F). Similarly,
the quadratic terms were negative in soil age (SA?) for the cone
and flat types; the peak soil ages were roughly 2000 years for
both large gall types (Table 1, Fig. 4G, H). For the pit type,
soil age was negatively associated with gall presence (Table 1,
Fig. 41). In relation to leaf traits, the presence of cone and flat
types was negatively associated with LMA | as well as LMA
(Table 1, Fig. 4], K, M, N) while the presence of the pit type
was not associated with these leaf traits (Table 1, Fig. 4L, O).
The standardized coefficients of LMA | were larger for the cone
type than the flat type (Table 1), reflecting a stronger negative
association between LMA | and the presence of galls for the
cone than for the flat type (Fig. 4], K).

The negative binomial distribution model for the count data
(Model IT) showed that the numbers of cone- and pit-type galls
were negatively associated with mean annual temperature
(Table 1, Fig. SA, C). Unlike the results of the Model I ana-
lysis, negative quadratic terms were not selected in these rela-
tionships partly because zero count data (absence data) were
excluded in the Model II analysis. For the flat type, the number
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Filled symbols denote leaves with only closed galls (still immature psyllids

were growing in the galls) and open symbols denote leaves with one or more

opened galls (some immatures had already left). ‘No gall’ symbols represent

response ratios calculated between two intact leaves (mean + s.d.). Solid regres-
sion lines indicate significant relationship (P < 0.05).
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of galls was best fitted by an upward convex curve with the
peak at around 15 °C [negative quadratic term for temperature
(MAT?); Fig. 5B]. Across aridity index, the numbers of cone-
and flat-type galls were best fitted by a downward convex curve
with the bottoms at 3.0 and 1.2, respectively [positive quadratic
terms for aridity index (AI%); Fig. 5D, E]. The number of pit-
type galls was weakly negatively associated with aridity index
(Table 1, Fig. 5F). All types of galls were not associated with
soil age (Table 1). In relation to leaf traits, the numbers of galls
were negatively and positively associated with LMA | for the
cone and flat types, respectively, although these associations
were weak (Table 1, Fig. 5J, K). The number of pit-type galls
was weakly positively associated with LM A, but not associated
with LMA | (Table 1, Fig. 5L, O).

DISCUSSION

Leaf traits, physiological functions and galls

Leaf minimum conductance, which is associated with uncon-
trolled water loss from the plant’s surface, should be minim-
ized, especially for plants inhabiting dry areas (Irvine et al.,
1998; Medrano et al., 2002). Leaf minimum conductance in-
creased sharply with the number of galls of the cone and flat
types, while such a trend was not found for the pit type (Fig.
3). When the densities of cone- and flat-type galls exceeded
one per square centimetre, leaf minimum conductance became
more than double compared with intact leaves. In addition, our
field census suggested that the densities of cone- and flat-type
galls were greater than that of pit-type galls (Supplementary
Data Fig. S3). These results suggest that formation of larger
galls (i.e. cone and flat types) can lead to strong water stress
in M. polymorpha, probably due to the increased surface area
(Figs 1 and 2A), impaired stomata (Jiang et al., 2018) and
the fissures when the psyllids mature (Fig. 1). This finding
is supported by a genome study that found drought toler-
ance genes were significantly upregulated in galled leaves in
M. polymorpha (Bailey et al., 2015). While we focused only
on leaf minimum conductance, some studies focusing on
other gall-makers reported that gall formation also increased
stomatal conductance (Fay et al., 1996; Larson, 1998; Huang
et al., 2014), whereas other studies reported the opposite trend
(Larson, 1998; Florentine et al., 2005; Patankar et al., 2011,
Jiang et al., 2018). Although the effect of gall formation on

TABLE 1. Standardized coefficients for the explanatory variables for presence/absence (binomial distribution model; Model I) or abun-
dance (negative binomial distribution model; Model 1I) of galls.

Model Type MAT? MAT AT

Al SA? SA LMA LMA

T L

1 Cone -2.11 2.96 - - -0.77 - -0.73 -0.44
Flat -0.56 -0.40 - - -0.24 - -0.26 -0.29
Pit -0.48 -1.37 —-0.66 1.61 - -0.37 - -

I Cone - -0.36 0.29 -1.08 - - -0.11 -
Flat -0.11 -0.17 0.10 - - - 0.20 -
Pit - -0.49 - -0.25 - - - 0.18

The best-fit model was selected based on AIC (Supplementary Data Table S2).

These coefficients have no unit because each fixed effect was standardized (zero mean and standard deviation equal to 1).

See main text for more detail.
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stomatal conductance remains inconclusive, our study clearly Fig. 4], K) suggest that the leaf trichomes of M. polymorpha
showed that the uncontrolled loss of leaf water was increased may contribute to the impedance of cone- and flat-type gall
by gall formation in M. polymorpha. makers but not pit-type gall makers. These different patterns

The negative trends between leaf trichomes and the presence  could be explained by the direction of attacks of each psyllid
of cone- and flat-type galls but not that of pit-type galls (Table 1, species. The cone- and flat-type gall makers (P. pyramidalis
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and P. pele, respectively) typically attack from the lower sur-
face, where leaf trichomes are present. The thickness of the leaf
trichome layer ranged from 0O to 0.80 mm (Supplementary Data
Fig. S5), which is often longer than the ovipositor lengths of
the P. pyramidalis and P. pele (0.09 and 0.11 mm, respectively;
Percy, 2017). On the other hand, as the pit-type gall-maker
(P. minutus) attacks from the upper surface (Percy, 2017), the
lower leaf trichomes did not hinder the attack of this species.
Therefore, the leaf trichomes of M. polymorpha could effect-
ively deter the egg deposition of P. pyramidalis and P. pele but
not P. minutus. Previous studies that did not taxonomically dis-
criminate among these psyllid species found inconsistent re-
lationships between leaf trichomes and gall formation (Lee,
1981; Gruner et al., 2005). We speculate that such inconsist-
ency might be partly due to different ways of egg deposition
among psyllid species. On the other hand, the specific mass of
the lamina (LMA, ) itself was also negatively associated with
the presence of cone- and flat-type galls (Table 1, Fig. 4M, N).
While the leaf lamina is the tissue of photosynthesis, a large
fraction of lamina mass is allocated to structural elements,
including cell walls and cuticles (>40 % for evergreen woody
species), which is important for leaf physical strength (Onoda
et al., 2011) and resistance against herbivores and other phys-
ical stresses (Read and Stokes, 2006). Thus, it may be natural to
observe negative associations of LMA| with the presence of the
galls irrespective of the amount of leaf trichomes.

Contrary to the results of Model I, LMA., and LMA, had
mixed associations with the number of galls in the Model II
analysis, albeit rather small effects (Table 1, Fig. 5J, K, O).
While trichomes are typically considered to be barriers for
herbivores, some previous studies reported that some insects
can utilize trichomes (e.g. Nishijima, 1960). It might be the
case that some psyllid species, such as P. pele, can utilize trich-
omes as a foothold to oviposit and/or as a refuge to escape from
environmental stresses, which may result in a weak but posi-
tive association between leaf trichomes and the abundance of
galls. We also speculate that laminas with a higher LMA, may
accommodate a greater number of galls, particularly smaller
galls, which induce lower stress because such leaves are often
more durable and long-lived (Wright et al., 2004). Moreover,
while we used fully matured young leaves for leaf trait meas-
urement, psyllid species might choose young developing leaves
for oviposition. To clarify such mixed results may require more
detailed observations and experiments on behaviours in relation
to leaf traits, on associations between gall formation and leaf
longevity, and on the timing of oviposition for each psyllid spe-
cies (e.g. cafeteria experiments).

Environmental conditions and galls

The three psyllid species may differ in their habitat tempera-
ture, as suggested by the different distributions of the three
gall types across temperature (Table 1, Fig. 4A-C). Because
these three psyllid species have been diversified from a single
ancestor on the same host tree species (Percy, 2017), they are
likely to have partitioned their niches along a temperature gra-
dient (i.e. an elevational gradient) over evolutionary timescales.
This niche partitioning could be related to the size of galls;
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small galls (i.e. pit type) are more common in colder conditions
while the intermediate (i.e. flat type) and larger galls (i.e. cone
type) are more common in intermediate and warmer areas, re-
spectively (Table 1, Fig. 4A—C). This may be in line with the
temperature limitation of physiological activities known for
gall-makers (Henson, 1958). Because the formation of larger
galls generally requires higher energy compared with smaller
galls, psyllids that form larger galls may not be adapted to low-
temperature conditions. Other environmental factors, such as
air pressure and UV radiation, may also be related to the eleva-
tional distribution of the three psyllid species (e.g. Hodkinson,
2005).

In the three psyllid species, only the pit-type galls showed
an upward convex curve for the probability of gall presence
across the aridity index (Table 1, Fig. 4F). Since pit-type galls
have an open structure while the other two types have enclosed
structures, the immatures of P. minutus may be more suscep-
tible to external environmental stresses. For example, in arid
conditions pit-type galls cannot protect the immature psyllids
from dry air, as indicated by the particularly low abundance
of pit-type galls in arid areas (Al < 0.5; Figs 4F and 5F). On
the other hand, in heavy-rainfall conditions, immature psyllids
seated in pit-type galls on upper leaf surfaces are often exposed
to raindrops, which may increase the risk of being washed
away. Such a less protected habitat for P. minutus may exclude
this species from both extreme ends of the aridity gradient.
In contrast, enclosed galls, i.e. cone- and flat-type galls, can
protect immature psyllids from drought and physical stresses
(Fernandes and Price, 1992; Stone and Schonrogge, 2003);
thus, the distributions of P. pyramidalis and P. pele may be
less susceptible to aridity. Other factors, such as light intensity,
might also contribute to these patterns; therefore, our interpret-
ation should be considered as a hypothesis and subject to more
robust tests.

Conclusions

This study demonstrates that the formation of galls, in par-
ticular cone and flat types, greatly increases leaf water loss,
possibly through the increased leaf surface area and the fissures
on the leaves in M. polymorpha. Our field observations suggest
that leaf trichomes can be effective in impeding colonization
by psyllid species that form cone-type galls, and possibly those
that form flat-type galls. These findings support our hypoth-
esis that leaf trichomes can contribute to the avoidance of extra
water stress through impeding gall formation.

It should be noted that present results do not rule out the
possibility of other functions of leaf trichomes, such as saving
water against evaporative demands, capturing dew, repelling
dust and water, and maintaining leaf temperature (Johnson,
1975; Haworth and McElwain, 2008; Bickford, 2016; Amada
et al., 2017). Moreover, it remains uncertain whether the large
allocation of leaf mass to trichomes (up to 40 %) can be ex-
plained just on the basis of defence against gall formation be-
cause the thickness of the trichome layer often seems to be too
great for the ovipositor lengths of psyllids (up to several-fold).
That leaves with the largest amount of trichomes are common
in the alpine zone, where psyllids are not so abundant, also
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suggests that other selective forces are involved in the adaptive
development of leaf trichomes (Fig. 4). More comprehensive
knowledge of these other functions is required for full under-
standing of the ecological significance of the large diversity of
leaf trichomes in M. polymorpha.

The diversity of gall morphology and the pattern of gall
abundance elucidated in our study may reflect the adaptive ra-
diation of Pariaconus species as a consequence of coevolution
with various phenotypes of M. polymorpha. Leaf trichomes of
M. polymorpha must have exerted a strong selective pressure on
Pariaconus species, which in turn favoured the M. polymorpha
phenotype in terms of avoiding water stress from leaf surfaces.
However, the associations between leaf trichomes and the
abundance of galls were not strict because leaf trichomes seem
to have evolved also in response to various other abiotic and
biotic environmental factors on the island of Hawaii. Our study
is so far the most extensive description of the relationships be-
tween leaf trichomes and the abundance of galls over the whole
island of Hawaii. The knowledge obtained in this study would
also be useful in unravelling the genetic basis of the history of
coevolution between M. polymorpha and Pariaconus species
in this unique ecosystem (Stacy et al., 2014; Izuno et al., 2016;
Percy, 2017)

SUPPLEMENTARY DATA

Supplementary data are available online at https://academic.
oup.com/aob and consist of the following. Table S1: site in-
formation. Table S2: coefficients of selected explanatory vari-
ables and AIC values in Model I and Model II for each type
of gall. Figure S1: locations of study sites on the island of
Hawaii. Figure S2: mean and standard error of thickness, mass
per area, water content per area, water content per fresh mass
in intact and galled parts of leaves, and Y _ in intact and galled
leaves. Figure S3: frequencies of the numbers of each type
of gall per shoot. Figure S4: associations between trichome
mass and environmental factors. Figure S5: relationship be-
tween trichome thickness and trichome mass, and associations
between trichome thickness and the abundance of each type
of gall.
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