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ABSTRACT
Plant resources are essential for animal distribution and survival in all communities.
Therefore, it is of uppermost importance that ecologists understand how resources respond
in changing conditions to aid in future conservation and management of natural spaces. This
is particularly so regarding foundation species, where subtle intraspecific changes in their
plant resources can have broad scale effects throughout the community.

The manna of Eucalyptus viminalis is an essential food source of the endangered forty-spotted
pardalote (Pardalotus quadragintus). Manna is not well understood or studied and the
potential response under climate change is unknown. This study aimed to explore the
mechanisms behind manna trait variation in a two separate approaches. 1) to explore if
manna exhibits variation influenced by genetic and environmental factors, by utilising two
common-garden field trials in the Tasmanian Midlands. 2) to explore manna variation across
native distributions of E. viminalis on Bruny Island and investigate relationships between
climatic and soil variables.

This research further reinforces the importance of sucrose and raffinose in manna, as well as
the composition of manna. Manna quality as well as sucrose and raffinose sugars varies
spatially across Bruny Island. Manna quality is influenced by the environmental variable
annual heat moisture index (AHM), across Bruny Island. This research did not find any
indication of genetic control over manna quality. These results indicate that manna may be
vulnerable to climate change, which could have devastating effects on the endangered
pardalote species. The results can be used to aid future management and conservation
efforts, as well as supplementary feeding trials.
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Introduction
The survival and success of all animal species relies on the resources they can acquire. This
includes resources for food, habitat and protection. These resources can vary either spatially
or temporally, in quality or in quantity, and variation resources has the potential to impact
animal use around the resource. Trait variation within plant resources, such as higher or
lower quality resources, may influence the behaviour of the herbivore using the plant
resource (Price 1987; Wallis et al. 2002). Intraspecific variation within resources has been
proven to influence herbivore behaviours and choice around resource use, which can span
many ecosystem levels within the community (Bailey et al. 2006; Barbour et al. 2009; Frye et
al. 2013). This behaviour and choice around resource uses by a single species can cause wider
spread influences on the community. Two examples of this is it can lead to plants resources
investing in defences against browsing (a variation in trait) (Gowda 1996) and it can lead to
increased competition for resources (a variation in abundance) (Arsenault and Owen‐Smith
2002). The ways in which species respond to variation in resources can have transformative
effects on the community and ecosystem around them, by influencing other species within
the community, and cascade through animal plant interactions within the community.

Trait variation in plant resources is controlled primarily by one of three factors. Traits can vary
based on genotype (the underlying genetic composition of an organism), due to
environmental variation (such as climatic factors of precipitation and aspect) and an
interaction between genotype and environment (for example, the response to the
environment depends on different genetic backgrounds)(Nicotra et al. 2010). Some resources
of the same species have high importance in the community structuring and composition then
others. These are known as foundation resources, and they play important roles in structuring
ecosystems, biodiversity and community productivity. Variations in resources, particularly
those that are genetically underpinned, can influence broad aspects of the community (Bailey
et al. 2009).

Eucalyptus woodlands as foundation species
Eucalyptus woodlands are a critical habitat in Australia, that are habitats for a large diversity
of species. They can form the basis of very productive communities and are considered a
foundation species in many of these systems (O'Reilly-Wapstra et al. 2004). Eucalypts can also
6

play important roles in regulating forest structure function and stability by stabilizing
ecosystem functions (Barbour et al. 2009; Whitham et al. 2006) and intraspecific variation in
their trees resources can influence the wider community. Variation in eucalypt defensive
chemistry can be influenced by both genetic and genetic by environmental factors (O'ReillyWapstra et al. 2005), making it a topic of interest in relation to community genetics.

Many studies in the Eucalyptus system have examined intraspecific variation in plant
defensive traits and shown that these traits are under genetic control (Lawler et al. 2000;
O'Reilly-Wapstra et al. 2002; O'Reilly-Wapstra et al. 2004) and genetic by environmental
interaction (Herrera and Bazaga 2011). Although the majority of intraspecific trait variation in
defensive compounds appears to have some element of genetic control (Herrera and Bazaga
2011; Lawler et al. 2000; O'Reilly-Wapstra et al. 2002; O'Reilly-Wapstra et al. 2004), some
eucalypt traits are also influenced by environmental effects (Macfarlane et al. 2004; McLean
et al. 2014; Nicotra et al. 2010).

While there has been a large amount of work in the past two decades on understanding how
eucalypt defensive traits vary within a species and the implications on feeding herbivores,
little work has examined intraspecific variation in positive tree traits that feed animals but do
not have a defensive role for the tree, such as sugars resources such as nectar, honeydew,
sap and manna. Does intraspecific trait variation in positive resources also major community
wide influences on the broader community?

The importance of sugary resources
Plant resources high in sugar content provide high levels of energy and nutrients to many
animals and bird species (Bolnick et al. 2011). Research into the important plant resources of
nectar show that trait variation can be influenced by genetic, environmental or genetic by
environmental interaction, but environmental factors mediate the majority of its traits
variation (Mitchell 2004; Parachnowitsch et al. 2019). Manna is a liquid sugary secretion that
oozes from wounds mostly caused by insect bites on the tree stems and hardens to an almost
solid state. It has only been observed within the Myrtaceae (Myrtle) family, on several species
of Eucalyptus (including, but not limited to, E. viminalis, E. Paucifora, E. panctata, E. maculate,
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E. manifera) and two Angophora species (A. floribunda and A. costata) (Basden 1965; Paton
1980; Steinbauer 1996). Manna is an important resource to woodland birds, particularly
species that rely on sugar rich compounds all year around. However, research is limited on
manna, and as a result even basic understanding such as how it arises or what it is influenced
by, is not yet understood. It was previously hypothesized that manna secretion was a
response to insect saliva on tree stems (Basden 1965), but recent research has shown that
manna secretion can be promoted by scalpel wounds as well (Case and Edworthy 2016).
Therefore, manna secretion is likely to be linked to sap, like other Eucalypt resources such as
extrafloral nectaries (nectar-secreting glands that develop outside of flowers, Bentley 1977)
or kino (a reddish-brown exudate occurs in response to wounds on tree; Tippett 1986), but
this is still unknown. Only a couple of studies have investigated manna’s chemical
composition, and as a result we know manna does vary interspecifically between trees and
intra-specifically between individuals within species (Basden 1965; Swart 2017). There is
intraspecific variation within one Eucalypt species in traits of sugar concentration and manna
quality (Swart 2017), however there is no research into what mechanisms relate to manna
variation within species.

Manna is an important resource of eucalypt systems, being consumed by a vast range of
animals including insects, marsupials and birds (Paton 1980; Paton 1982; Steinbauer 1996). It
also feeds marsupial species. Sugar gliders (Wallis and Goldingay 2014) have been seen
opportunistically eating this carbohydrate rich resource. Many insects from the Hymenoptera
family feed on manna when available, particularly ants, which feed on manna directly from
tree, or when fallen on ground (Paton 1980; Steinbauer 1996). Up until recently, the research
surrounding how manna was produced was uncertain. A recent study uncovered that manna
could be created by artificial wounds to tree stems (Case and Edworthy 2016). This rejected
previous hypothesis that manna was an enzymic reaction of the insect saliva on the exposed
wound of the stem (Basden 1965).

The important relationship between the Forty-Spotted Pardalote and Eucalyptus viminalis
The forty-spotted pardalote (Pardalotus quadragintus) has a close life history with Eucalyptus
viminalis trees. It lives and feeds from them and can also perform a rare action of inducing
manna secretion. The small habitat specialist has a hooked beak and scrapes at tree stems to
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produce manna, an action only first recorded in 2016. The small canopy gleaning bird returns
to the wound sites and collects manna secretions once hardened (Case and Edworthy 2016).
This is evidence of ‘farming’ and may have implications for the broader community, as manna
is consumed by a wide array of animals who opportunistically consume it. Therefore, the act
of producing manna, and therefore the presence of the pardalote in any given community,
may change the shape of the community, and influence the presence and abundance of other
species within.

Manna is an important resource to the pardalote and makes up a large proportion of its diet
(Bryant 2010; Case and Edworthy 2016). Manna makes up 80% of the diet of young fledglings
that are growing and still reliant on their parents. This makes manna as a resource particularly
important as the forty-spotted pardalote is an endangered species that has experience major
range restrictions and loss of population. As an endangered species, the health and survival
of offspring is absolutely crucial for their future.

What do we know about manna?
Manna is a sugary carbohydrate of great complexity. Around 60% of the compound is pure
carbohydrates, the remaining proportion is mostly water. Research on manna chemical sugar
compositions shows us that it does vary between tree species (Basden 1965) and within trees
of the same species (Swart 2017). Specifically, the manna of E. viminalis contains more than
20 different types of sugars and just 5 sugars make up 99% of the total sugar composition.
They are raffinose, sucrose, stachyose, fructose and glucose, and 5 sugars vary in proportion
between different trees. This is most evident when looking at raffinose and sucrose contents.
Previous research by Swart (2017) looked at the behaviours of pardalotes in association to
their tree use. She uncovered that the pardalotes have primary and secondary trees in which
they farm manna from, and that these trees have different sugar proportions. Primary trees,
in which pardalotes spent upwards of 80% of their time foraging in, had significantly higher
proportions of sucrose relative to raffinose, when compared to secondary trees (which
pardalotes spent less than 15% of time in) (Figure 1). Therefore, Swarts results shows a
preference of high sucrose and low raffinose in the manna. This is referred to as the sucrose
to raffinose ratio (SUC:RAF), and is an indicator of manna quality.
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Manna as a resource, and the variation within its traits, is still very misunderstood.
Understanding how manna varies and the mechanism that underpin it is crucial, as the fortyspotted pardalote is a species a vulnerable species to the impacts of climate change (Foden
et al. 2013). It relies heavily on E. viminalis, and has already experienced significant population
declines (Bryant 2010). In order to make proactive decisions in conservation and management
around this vulnerable species, knowledge in an essential food source is critical moving
forward trying to protect this species.

Aims
The main aim of this research was to explore the intraspecific variation in manna quantity of
manna in E. viminalis and understand the genetic and environmental effects mediating this
variation. To do this, I separated the study into two approaches.
In part one I investigated variation in manna in two common garden field trials to determine
the degree to which variation in manna is genetically and environmentally influenced.
In part two I investigated how manna quality varies across a native distribution of E. viminalis
and assessed if variation in manna related to climatic and soil variables.
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Figure 1: Variation in manna quality between primary and secondary used trees of the fortyspotted pardalote (Pardalotus quadragintus) on Bruny Island. Figure of (Swart) 2017.
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Methods
Part one: Common-garden field trials
To determine whether the quality and quantity of manna varied due to provenance (genetic),
site (environment), or their interaction (genetic by environment), I accessed two preestablished common-garden field trials in the northern midlands of Tasmania (Connorville: 41.828636°, 147.138727°; Relbia: -41.520906°, 147.240920°). The two trial sites were 35km
apart and occupied similar climates (mean annual temperature: Connorville 11.5°C, Relbia
12.2°C; mean annual precipitation: Connorville 626mm; Relbia 654mm) at different
elevations (Connorville: 179m; Relbia: 58m). The trials were established in September 2016
(Connorville) and June 2017 (Relbia) using open-pollinated seed (hereafter ‘families’)
collected from 8-10 trees from each of the seven provenances (i.e. the geographical location
of the germplasm) (Table 1). These provenances were sampled along a temperature and
precipitation gradient that transgressed the midlands of Tasmania (Whitmore 2015). Oneyear old seedlings were planted into rip mounds (Connorville) and Wilko mounds (Relbia) as
single-tree plots in a randomised complete block design with 2 (Connorville) and 6 (Relbia)
replicates. As early establishment at Relbia was low and to keep sampling for manna balanced
across the two sites, I collected manna from plants from the two replicates in Relbia with the
highest survival (Replicates 2 and 5). This sampling strategy resulted in each family being
represented at least twice at Relbia.
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Table 1: Description of the seven populations planted in the common garden field trials.
Shown are the seven provenances and their maximum temperature of the warmest period
(TMXWP), mean annual precipitation (MAP) and annual heat moisture index (AHM)
calculated as (MAT + 10) / (MAP/1000) where MAT is the mean annual temperature of the
provenance. The grey shaded cells correspond to the northern and southern provenances
sampled outside the midlands of Tasmania.
Region

Provenance

Code

TMXWP (°C) MAP (mm)

AHM

Non-arid

Brushy Lagoon

BL

22.5

998.1

21.0

(North)

Nunamara

N

22.1

1064.2

19.3

Symmons Plains

SP

24.2

616.7

35.0

Connorville

C

24.4

611.5

34.8

Ross

R

23.8

509.1

41.5

Non-arid

Tooms Lake

TL

20.5

557.9

35.5

(South)

Stonor

S

21.4

604.8

33.1

Arid
(Central)

Manna extraction:
Manna was extracted for each individual in the above-mentioned replicates at Connorville
and Relbia by making small lateral incisions in the branch with a scalpel (Figure 2A) following
the protocol outlined by Case and Edworthy (2016). Incisions were only made on healthy
stems between 1mm and 8mm in diameter, where up to four stems per individual that were
at least 1.5m above ground (where possible) were sampled for manna. On each stem, two
separate cuts more than 2 cm apart were made usually above a stem axis or below a leaf
petiole, giving a total of up to eight incisions per tree (i.e. four stems per individual and two
incisions per stem). A plastic zip-lock bag was then used to cover the stem and incision sites
(Figure 2B,C), with holes cut in the bottom of the bag to allow for ventilation and the release
of built up condensation. The bags were used to protect manna secretions from foragers, such
as ants and birds. However, in some instances, the bags did not protect the manna from ants
and other invertebrates and unavoidable foraging of manna was observed at Connorville. The
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stems were left for 24 hours before manna was collected into 50mm vials. Total secretions
from each tree were pooled into one vial and it was noted how many secretions were
produced by each tree and the stem diameters of where manna secretions formed. Vials of
manna were labelled with the individual plants unique identifier and placed in a -20°C freezer
at the end of the day to limit any deterioration of the manna before chemical processing could
occur.

To determine whether sugar composition of manna varied through time, manna samples
were collected across at least two sampling periods. In all cases, manna was extracted from
the same individuals across the sampling periods, with the exception at Relbia, where an
additional third replicate was sampled during the second sampling period. This was due to
low success rates extracting manna during the first sampling period, as to obtain a suitable
representative sample size across provenances. A third sampling period was undertaken at
only Connorville following a heavy two-day rain event (total precipitation 28ml), providing an
opportunity to test whether success in extracting manna may be coincidental with increased
soil moisture. For Connorville specifically, 7 trees produced manna in all three time points, 8
trees produced manna across two time points and 19 trees produced manna once. For Relbia,
a total of 5 trees produced manna over the two sampling periods and a further 24 trees
produce manna a single time. Sixty-three trees produce manna over all sampling periods from
both field trials. The total number of samples collected from each population within each
common garden site is detailed in Table 2. Of the 63 trees that produced manna, thirteen of
the samples were not collected due to the manna sample being either too small to collect (n
= 10), contaminated by dirt and animal faeces (n = 1), or dropped in the wind (n = 2).
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A

B

C

Figure 2: Example of the manna extraction procedure. Using a scalpel blade, an incision was made to
the stem of Eucalyptus viminalis (A). The branch, including the incision site, was bagged to protect the
manna from degradation and harvesting by insects (B). The incision site was left for 24 hours, where
the crystalised manna was collected (C).

Table 2: The manna sample success from each provenance across the Connorville and Relbia
common garden field trials in the Tasmanian Midlands. Including the number of Eucalyptus viminalis
trees sampled and success rates of manna extraction for each provenance. The grey shaded cells
correspond to the northern and southern provenances sampled outside the midlands of Tasmania.

Connorville

Relbia

Provenance

Trees sampled

Manna success

Sample size

Manna success

Bushy Lagoon (BL)

9

5

14

4

Nunamara (N)

12

5

15

1

Stonor (S)

6

2

15

3

Connorville (C)

15

7

21

1

Ross (R)

10

4

20

9

Symmons Plains (SP)

10

7

18

6

Tooms Lake (TL)

12

4

16

5

Total

74

34

119

29

Success rate

45.9%

24.4%
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Part two: Bruny Island
To determine whether manna quality varies across the native stands of E. viminalis, I assessed
manna quality across ten sites on Bruny Island in February 2020. Bruny Island was selected
because it represents a stronghold for the forty-spotted pardalote, supporting around 450
individuals, which constitutes a third of all known occurrences of this species. Sites were
distributed evenly across North and South Bruny (five sites within each region, Figure 3) and
selected to reflect varying soil types and aridity gradients. At least five of the selected sites
had (or had in the past few years) forty-spotted pardalotes nesting within trees at that site
(Bryant 2010). Trees within each of the ten sites were sampled at two canopy heights or 100m
apart. Unlike the common garden field trials where manna was sampled directly from tree
branches on site, two small branches were collected from within individual tree canopies on
Bruny island using an extendable pruning pole, up to a maximum height of 10 metres. The
branch was labelled with a unique identifier and placed in a bucket of water as soon as
possible before being transported back to the University of Tasmania. Branches were then
stored in buckets of water and incisions made with a scalpel on multiple stems from each
branch (see ‘Manna extraction’ in Part 1 above). Incisions were checked every 24 hours for
visible manna secretions. Manna from separate stems of each tree were placed in separate
vials to see if manna varied between branches on the same tree. If no manna had been
produced, repeat cuts were made and checked every 24 hours. This continued until manna
was extracted from at least one branch per tree, or the branch wilted. Dates were noted from
which manna secretions were collected. A total of 66 trees were sampled within an eight-day
period, 48 trees successfully produced manna.
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Figure 3: Distribution of sampled populations of Eucalyptus viminalis on Bruny Island. Black
points indicate the sampled trees within locations which were grouped by region, where the
red circles correspond to the populations sampled on North Bruny (N1-N5) and blue circles
correspond to the sampled South Bruny (S1-S5) populations.
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Manna Analysis by Liquid-Chromatography Mass-Spectrometry
All manna samples produced in part one and part two were processed at the University of
Tasmania’s Central Science Laboratory. Sugars were extracted and analysed by LiquidChromatography-Mass Spectrometry (LC-MS). The manna sample in each vial was weighed
and total weight recorded in milligrams (mg) to five decimal places and recorded for overall
weight. A subsample of between 1.00 and 2.00mg (maximum of 2.00mg and minimum of
0.01mg) from each vial was taken and placed into a 2mL LC-MS vial. Manna was dissolved
with equal proportions of distilled water (eg. 1mg of manna with 1mL of distilled water). The
solution was vortexed for 5 seconds until manna was dissolved. Sugars were analysed by LCMS following the below methods. I focussed on the five main sugar groups; raffinose, sucrose,
stachyose, fructose and glucose, which had previously been shown to make up 99% of the
total sugar composition (Swart 2017). Glucose and galactose were unable to be differentiated
due to their similar molecular structure (Gaucher and Leary 1998) and were therefore
grouped together.

LC-MS was conducted at the University of Tasmania’s Central Science Laboratory, using a
Waters Acquity H-Class UPLC instrument coupled to a Waters Xevo TQ triple quadrupole mass
spectrometer. Waters a Acquity UPLC BEH Amide column (50 x 2.1 mm, 1.7um) was used and
the mobile phase used two solvents of 0.4% (v/v) Ammoniun hydroxide in water (solvent A)
and Acetonitrile (solvent B). The UPLC program ran for 6 minutes at 20% A:80% B to 45%
A:55% B, which was followed by immediate re-equilibration to starting conditions for three
minutes. The column was held at 50°C, and sample compartment at 6°C. Flow rate was 0.35
mL min-1 with and injection volume of 1 uL.
The mass spectrometer was operated under negative ion electrospray mode with a needle
voltage of 2.7kV. Analytes were detected using single ion monitoring with [M-H]- deproinated
molecular species. To detect C6 monosaccharides, (m/z) 179.05 with a cone voltage of 17V
was used. For disaccharides, (m/z) 341.10 at 24V, trisaccharides, (m/z) 503.15 at 30V and
finally, tetrasaccharides used (m/z) 665.20 at 36V. Dwell time was 0.057 seconds and the ion
source temperature 130°C. Desolvation gas was N2 at 950 L h-1 (with a temperature of 450°C
) and the cone gas flow was 100 L h-1. Data were processed using MassLynx software (Nichols,
D. pers comm).
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Individual sugars (raffinose, stachyose, glucose, fructose, sucrose) were identified and
quantified (into parts per million, PPM) using the external calibration approach. Five
individual calibration standards of each sugar were produced at known concentrations in
distilled water and analysed in sequence with every 20 samples. Unidentified tetrasaccharides
(in addition to stachyose) were quantified as “Stachyose equivalents” using the Stachyose
external calibration curve. A small number of trees (N=8) found traces of tetrasaccharides,
and therefore, due to the low sample size it was not included in statistical analysis.

Tree traits and environmental variables
To determine whether sugar composition of manna traits co-varied with tree size, tree
heights of individuals within the field trials were measured using height poles (in cm), and
individuals across Bruny Island were measured for tree trunk size at diameter at breast height
(1.3m, DBH) .To examine how variation in manna quality co-varied with home-site
environment, I obtained data for each provenance (field trials) and population (Bruny Island)
for key climate and soil traits thought to mediate variation in plant traits (Harrison 2017;
Prober et al. 2016), downloaded from the Atlas of Living Australia (https://spatial.ala.org.au/,
accessed 24 March 2020) using the ALA4R package in R (R Core Team 2013). This included
three bioclimatic variables (maximum temperature at warmest period [TMXWP], mean
annual precipitation [MAP], mean annual temperature [MAT]), a measure of home-site aridity
𝑇𝐴𝑁𝑁+10

(annual heat moisture index [AHM]) estimated as (AHM= 𝑅𝐴𝑁𝑁/1000 ) following Wang et al.
(2006), and four soil attributes (total phosphorous [PTO], total nitrogen [NTO], plant
extractable depth [DPE], soil organic carbon [SOC]; (Viscarra Rossel et al. 2015)) calculated as
the mean value within a 2 m soil profile.

Data Analysis
Manna sugar composition obtained from the common garden field trials and natural field
population were analysed separately using R version 3.6.2. Raw sugar outputs were in in
present amounts (PPM), and the total of all sugar outputs (total PPM) gives total sugar
concentration within the manna sample. For data analysis, sugars were standardised across
samples as the proportion of each sugar relative to the total sugars within given sample. Swart
(2017) identified the ratio of sucrose to raffinose (hereafter SUC:RAF) as an important
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predictor variable associated with tree preference by the forty-spotted pardalotes. Thus I also
calculate SUC:RAF as the proportion of SUC divided by the summed proportion of SUC and
RAF. Prior to analyses, data was explored Zuur et al. (2010). Univariate and bivariate outliers
were detected using a modified z-score test and Mahalanobis distance, respectively. Outliers
were checked for data entry errors and removed where necessary to limit adverse effects of
leverage and influence. This procedure removed 4 and 9 points from the common garden
field trial and Bruny Island data sets, respectively.

Common garden field trials
To explore associations between mannaa produced by the sampled E. viminalis individuals
over time points (t), I used a Spearman’s Rank correlation test.

This was pursued by

comparing the sugars within a site for the following contrasts: t0 vs. t1 (both field trials), t0 vs.
t2 (Connorville only) and t1 vs. t2 (Connorville only). As sugar quality was significantly positively
associated among the time periods (see ‘Results’), duplicated samples across the time periods
were removed.
To test whether the proportion of each sugar and the SUC:RAF ratio varied among sampled
provenances, site and the interaction of provenance by site, I fitted the following model:
Y = µ + provenance + site + prov*site + height + ε
(Model 1)
where µ is the mean response, provenance, site and their interaction are fixed effects, and
height is the normalised height of the tree fitted as a covariate. This presence/absence of
manna was fitted using a generalized linear model (GLM) assuming a Bernoulli error with a
logit link function. Model assumptions of normality and homoscedasticity were visually
assessed following Zuur et al. (2016) using diagnostic plots produced from simulated model
residuals using the DHARMa package (Hartig 2019). Statistical significance of fixed effects
were assessed using a likelihood ratio test implemented using the ‘drop1’ function.
As the proportional data followed a beta distribution (i.e. bounded between the open interval
(0,1); (Douma and Weedon 2019; Ferrari and Cribari-Neto 2004), models were fitted using
generalized additive models (GAM) with a logit link function using the ‘gam’ function the mgcv
package (Wood 2017). As no smoother terms were incorporated into the model, the GAM
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was effectively a penalised GLM (Wood 2017). In cases where the proportion of a sugar was
at the boundary of the beta distribution, the sugar values were re-scaled following Smithson
and Verkuilen (2006). Model assumptions of normality and homoscedasticity were visually
assessed using diagnostic plots produced by the ‘gam.check’ function following Zuur et al.
(2016). Significance of fixed effects were assessed using a likelihood ratio test implemented
using the ‘anova.gam’ function As I a priori hypothesised that manna would vary by homesite environment (where the seed was originally sourced from), I tested associations between
provenance mean sugar and home-site climate and soil using a Spearman’s Rank correlation
test.

Natural populations of E. viminalis at Bruny Island
To test whether the proportion of a sugar varied within a tree, I assessed the association
between manna samples collected across different branches (9 pairs) using a Spearman’s
Rank correlation test. Following this, duplicated manna samples within a tree were removed.
To test whether the probability of obtaining manna among sampled populations and their
test environment, I fitted the following model:
Y = µ + population + DBH + ε
(Model 2)
where µ is the mean response, population is a fixed effect, and DBH is the normalised
diameter at breast height (1.3m) fitted as a covariate. As above-mentioned, success was fitted
using a generalized linear model (GLM) assuming a Bernoulli error with a logit link function.
Model assumptions and statistical significance of the fixed effect of population and covariate
of DBH were assessed following the same procedure as above. To test whether the proportion
of each sugar and the SUC:RAF ratio varied among populations and covaried with tree growth
(DBH), Model 2 was fitted using a generalized additive models (GAM) with a logit link function.
Model assumptions and significance of the population and DBH terms were assessed as
above. To test whether the proportion of each sugar covaried with population home-site
climate and soil, I extracted the marginal least-square means from Model 2 using the
emmeans package (Lenth 2019) and fitted separate beta regression GAMs, fitting the
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marginal least-square mean as the response and each climate and soil variable as the
predictor.
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Results
Common garden field trials
One-hundred and ninety-two Eucalyptus viminalis trees were sampled across the Connorville
and Relbia common garden field trials planted in the Tasmanian Midlands. There was low
success in extracting manna across the 2-3 attempts, with 45.9% and 24.4% success at
Connorville and Relbia respectively (Table 2). The manna from Connorville on average
consisted of 64.62% raffinose, 33.23% sucrose, 1.26% stachyose and less than 1% glucose and
fructose combined (Table 3). This was similar to Relbia, with raffinose making up 60.05%,
followed by sucrose at 37.31% and stachyose at 1.79%. Glucose and fructose again made up
less than 1% of the manna. The results of exploration into any variation over the different
time periods showed significant correlation for the main sugar types (FRU, SUC, RAF and
SUC:RAF; Table 4). This positive correlation between attempts suggests that the variation in
sugar does not change the provenance mean rank across time periods.

There was variation between sugar content across the field trails, and between provenances
at each site. Relbia has a higher overall means of SUC:RAF than Connorville, of 0.3828 and
0.3394 respectively (Table 3). Provenance variation across field trials was also observed, most
notably provenance C, which has a SUC:RAF difference of 0.2%, attributed to around 20%
variations in SUC and RAF at Connorville compared to Relbia. Despite these observed
patterns, there were no differences in the concentrations between site (𝑋12 = 1.11, 𝑃 =
0.292), provenance (𝑋52 = 7.69, 𝑃 = 0.174), or a significant provenance by site interaction
(𝑋62 = 4.63, 𝑃 = 0.592). Exploration of the environmental data of maximum temperature
at warmest period (TMXWP) and annual heat moisture index (AHM) indicated that there was
no significant association between climate and SUC:RAF across provenances for either
common garden trial (Table 5).
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Table 3: Summary of sugar proportions within the manna of Eucalyptus viminalis in the
common-garden field trials of Connorville and Relbia of the Tasmanian Midlands. Includes
breakdown of samples within each provenance established in the common gardens.
Prov

Total
manna
success

Individuals
sampled

GLU (%)

FRU (%)

STA (%)

SUC (%)

RAF (%)

SUC:RAF

9
12
6
15
10
10
12

0.24
0.57
0.25
0.27
0.75
0.51
0.00

0.56
0.69
0.47
0.34
0.79
0.62
0.18

1.31
1.02
1.03
1.85
1.08
1.23
1.27

41.23
34.16
35.91
21.47
30.44
30.17
39.25

56.66
63.57
62.34
76.08
66.94
67.47
59.29

0.4210
0.3493
0.3655
0.2209
0.3121
0.3086
0.3982

0.37

0.52

1.26

33.23

64.62

0.3394

0.41

0.52

1.92

33.99

63.16

0.3497

0.55
0.00
0.33
0.65
0.03

0.74
0.36
0.52
0.74
0.33

1.74
1.31
1.94
1.69
2.12

39.44
42.15
34.02
28.93
45.32

57.54
56.19
63.19
67.99
52.20

0.4060
0.4286
0.3499
0.2979
0.4648

0.33

0.56

1.79

37.31

60.05

0.3828

Connorville
BL
N
S
C
R
SP
TL

4
4
1
5
4
5
3

Overall Means:

Relbia
BL
N
S
C
R
SP
TL

3
0
3
2
6
4
4

15
15
12
20
13
14
12

Overall Means

Table 4: Spearman’s rank correlation test across attempts at the Connorville common
garden field trials: Sugars included are fructose (FRU), glucose (GLU), stachyose (STA), sucrose
(SUC) and raffinose (RAF).
Sugar type

RHO

P-value

FRU

0.767

0.016

GLU

0.000

1.000

STA

0.450

0.224

SUC

0.667

0.050

RAF

0.700

0.036

SUC:RAF

0.667

0.050
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Table 5: Associations between climate variables and the sucrose to raffinose ratio at the
common-garden field trial sites Connorville and Relbia of the Tasmanian midlands: Including
variables of maximum temperature of the warmest period (TMXWP) and annual heat
moisture index (AHM).
Connorville

Relbia

RHO

P-value

RHO

P-value

TMXWP

-0.643

0.1194

-0.2

0.704

AHM

-0.5

0.253

0.257

0.623
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B
A

C

D

Figure 4: Proportion of sugar contents within total manna sugar composition of Eucalyptus
viminalis provenances grown at the Connorville and Relbia common-garden field trials in
the Tasmanian Midlands: A and B provides visual representation of the sugar proportions in
manna at Connorville and Relbia. Sugars included are fructose (FRU), glucose (GLU), stachyose
(STA), sucrose (SUC) and raffinose (RAF). C and D are boxplots of the sucrose to raffinose ratio
variation between provenances across the two field trials.
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Natural populations of E. viminalis at Bruny Island
Seventy-four Eucalyptus viminalis trees were sampled across Bruny island, of which 78.7%
successfully produced manna to cuts on tree stems. Thirteen trees did not produce any
manna. Success in extracting manna did not vary between populations (see Table 6, Figure 7)
(𝑋72 = 5.758, 𝑃 = 0.568 . The size of tree, DBH, was not associated with the probability of
success of manna extraction (𝑋12 = 1.605, 𝑃 = 0.205).

Of the five sugar types analysed, raffinose (RAF) makes up the highest proportion of manna
analysed at Bruny Island, at 57.98%. This was followed by sucrose (SUC) at 39.15% (Table 6;
Figure 8), the two sugars making up around 97% of the total sugar content in manna. The
sugars stachyose (STA; 2.45%), fructose (FRU; 0.27%) and glucose (GLU; 0.15%) make up a
small proportion of the overall manna composition. When exploring whether there is
variation in manna within a tree, the results showed high association between branches for
SUC, SUC:RAF and a close to significant correlation for RAF.(Table 7).
The sugar content in manna varied between populations on Bruny Island. Manna
concentration, or total sugars present within the manna, was on average, 845 PPM. However,
I found variation in manna concentration between populations, from high concentrations in
S2 and low concentrations in N4 and N5 (Figure 7). In relation to specific sugar proportions,
of the five sugars, two (SUC: 𝑋72 = 23.29, 𝑃 = 0.002 and RAF: 𝑋72 = 26.83, 𝑃 < 0.001)
showed significant variation between populations (Table 8). The SUC:RAF also showed
significant variation between populations (𝑋72 = 24.73, 𝑃 < 0.001)(Table 8; Figure 10). The
SUC:RAF also exhibited significant variation at a broader spatial scale, at a regional scale
between north and south (Table 8; Figure 8).
The results indicate manna quality is associated with the climate variable annual heat
moisture index (AHM). Figure 9shows the significant association (X12 = 5.075, P = 0.078)
between SUC:RAF and AHM. As AHM increases, so does manna quality. Maximum
temperature at warmest period (TMXWP) was explored for associations, but the relationship
was non-significant (X12 = 2.49, P = 0.114). The results in this study show no significant
associations between manna quality and soil variables (Table 10). The soil variables of total
phosphorous in soil (PTO, X12 = 0.195, P = 0.659), total nitrogen in soil (NTO, X12 = 0.91,
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P = 0.34), plant extractable depth (DPE, X12 = 0.216, P = 0.642) and soil organic carbon
(SOC, X12 = 0.079, P = 0.778) all showing non-significant associations.

Table 6: Mean sugar composition and tree diameter at breast height for each sampled
population across Bruny Island. Shown are the number of individual trees sampled per
population (sample size), number of individuals that produced manna (manna success), the
mean proportion of each sugar relative to the total sugar content within a manna sample,
expressed as a percentage (Fructose [FRU], Glucose [GLU], Stachyose [STA], Sucrose [SUC],
Raffinose [RAF], and sucrose to raffinose ratio [SUC:RAF)). DBH refers to the diameter at
breast height (1.3 m) and are the mean of the successful manna producing individuals.
Populations N1 and S1 were removed from data set due to only having one manna sample
produced.
Population
N2
N3
N4
N5
S2
S3
S4
S5
Overall Mean

Sample
size
10
8
4
4
9
4
4
5

Manna
success
9
7
4
3
8
2
3
2

GLU (%)

FRU (%)

STA (%)

SUC (%)

RAF (%)

SUC:RAF

0.14
0.22
0.06
0.42
0.04
0.14
0.15
0.10
0.15

0.31
0.30
0.18
0.44
0.19
0.42
0.17
0.30
0.27

2.05
2.78
2.50
2.19
2.39
2.66
3.02
2.49
2.45

36.08
48.85
44.38
37.87
34.67
42.07
31.61
31.90
39.15

61.42
47.85
52.89
59.08
62.71
54.71
65.06
65.21
57.98

0.3701
0.5048
0.4563
0.3908
0.3552
0.4352
0.3269
0.3288
0.4030

DBH
(cm)
52.5
28.6
34.0
31.5
60.0
31.3
26.8
19.6
39.2

Table 7: Association between manna samples within individual trees Results from the
Spearman’s rank correlation between branch 1 and branch 2 showing the correlation
coefficient (RHO) and the probability of observing this coefficient given the data. Sugars are
abbreviated as follows: Fructose (FRU), glucose (GLU), stachyose (STA), sucrose (SUC),
raffinose (RAF) and sucrose to raffinose ratio (SUC:RAF).
RHO
P-value

FRU
0.518
0.234

GLU
0.576
0.176

STA
0.536
0.215

SUC
0.964
>0.001

RAF
0.714
0.071

SUC:RAF
0.821
0.025
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Table 8: The significance of sugar variation amongst populations on Bruny Island. Results
from ANOVA showing significant values for variation in sugar quantity of sucrose (SUC),
raffinose (RAF) and the sucrose to raffinose ratio (SUC:RAF), between populations.
Sugar type

chi square

P-value

FRU
GLU
STA
SUC
RAF
SUC: RAF

4.083
7.980
1.952
23.29
26.825
24.734

0.770
0.334
0.963
0.002
<0.001
<0.001
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Figure 5: Percentage of manna extraction success across sampled populations of Eucalyptus
viminalis on Bruny Island.

Figure 6: Proportion of sugar contents within total manna sugar composition across populations of
Eucalyptus viminalis on Bruny Island: Visual representation of how the five sugars vary among native
stands of Eucalyptus viminalis on Bruny Island. Sugars represented include fructose (FRU), glucose
(GLU), stachyose (STA), sucrose (SUC) and raffinose (RAF).
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Figure 7: Variation in the total amount of sugar across populations of Eucalyptus viminalis
on Bruny Island: Total sugar refers to the total amount (in PPM) of sugar within samples. The
green triangles indicate above mean results of total sugars, and the red circles indicate below
mean results. The larger the shape (triangle or circle), the further from the mean result the
population is.
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Figure 8: Variation in sucrose to raffinose ratio of Eucalyptus viminalis manna across
populations on Bruny Island, Tasmania. Northern region in red and southern region in blue.
Significant associations were seen on both regional ( X12 = 5.78, P = 0.0162) and population
levels ( X17 = 24.734, P < 0.001).
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Figure 9: Association between manna quality (SUC:RAF) and annual heat moisture index
(AHM) of populations of Eucalyptus viminalis on Bruny Island: With 95% confidence
intervals. AHM is Incorporates annual mean temperature with annual precipitation and gives
better representation of soil moisture than precipitation alone.

Table 10: Associations between manna quality and soil variables: ANOVA of sucrose to
raffinose ratio and the soil variables of total phosphorous in soil (PTO), total nitrogen in soil
(NTO), plant extractable depth (DPE) and soil organic carbon (SOC)
Chi square

P-value

PTO

0.195

0.659

NTO

0.91

0.34

DPE

0.216

0.642

SOC

0.079

0.778
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Discussion
This research explored how manna quality of Eucalyptus viminalis varies over the Tasmanian
landscape, and the mechanisms that may underpin this variation. Two key findings are
evident. First, two key sugars (sucrose and raffinose) and their ratio (indicating manna quality)
varies spatially across Bruny Island. Second, manna quality relates to the environmental
variable annual heat moisture index (AHM), across Bruny Island.

This research provides insights on the composition of manna. Past research has identified five
dominant sugar groups (fructose, FRU; glucose, GLU; stachyose, STA; sucrose, SUC; raffinose,
RAF) comprise the majority of manna composition and the results of this study has further
reinforced this. The sugar most prominent in manna across this study (as well as in previous
research) is raffinose (RAF), varying from between 58-80% across three previously researched
species of eucalyptus and an angophorous species. Of the previous research, E. viminalis has
the highest proportion of SUC in manna compared to all other investigated species, ranging
between 6% and 26.4% (Table 11). This study found SUC to vary anywhere between 21.5% (in
the field trials, table 5) and 48.9% (on Bruny Island, table 7). This high sucrose proportion may
be an important factor in why the pardalote species formed such an intimate relationship
with E. viminalis. Other Birds and animals do feed on manna, but the forty-spotted pardalote
is currently the only species known to rely on it so heavily.

Table11: Percentage manna composition comparison from previous research: Results from
this study are separated from Bruny Island and averaged across the common-garden field
trials. Other data is from Swart (2017) unpublished data and Basden (1965).
Source

Species

Common gardens

Bruny Island,

Swart

Basden

Basden

(This study)

(This study)

(2017)

(1965)

(1965)

E. viminalis

E. viminalis

E. viminalis

E. maculata

E. punctata

Basden (1965)

Angophorous
costata.

Stachyose

1.53

2.45

3.9

-

2

10

Raffinose

62.3

58

68.6

80

80

65

Sucrose

35.3

39

26.4

6

10

20

Glucose &

<1

<1

<1

4

8

5

-

-

-

10

-

-

Fructose
Melibiose

34

Variation in manna across the common garden field trials
The aim of the common-garden trials was to understand if quality in manna varies across
different provenances of E. viminalis, different environments and the interaction between
provenance and environment. Common garden trails provide an excellent framework to tease
apart the effects of genetics and environment on plant traits. Differences in manna quality
between provenances planted in a randomised common garden trial, may indicate a genetic
influence of manna variation. Furthermore, differences in manna traits across sites could
indicate environmental influence of manna variation. This study found no significant
differences between provenances, sites and no significant interaction between provenance
and site in manna quality of E. viminalis.

Manna quality showed high consistencies across different sampling periods. This was to
explore temporal variation in manna at the common garden field trials. This consisted of three
separate sampling periods throughout summer at the Connorville field trial. Past research
suggests seasonality in manna quantity (Spring and early summer saw greater quantities of
manna than winter, coinciding with rapid tree leaf growth (Basden 1965), however, this study
only looked at variation over a 6-week period, and found no results. This is potentially due to
the low sample size, the difficulty extracting manna, or the time of sampling (early to midsummer).

At this stage it is difficult to interpret these results due to low sample sizes. The low success
rate of extracting manna from the common garden trials may have affected the ability to
robustly test the genetic, environment and interactive effects. The method of manna
extraction by using a scalpel blade was adopted from (Case and Edworthy 2016). During the
study, some areas of manna extraction varied. Across the native Bruny Island sampling,
manna extraction occurred off-site, where branches were brought back to the university, and
many stems were cut on each branch to increase the likelihood of getting a manna secretion.
On top of that, repeated cuts occurred on stems over a number of days, further increasing
the chances of manna success. This was different from the method used in the common
garden field trials, where up to four branches and eight stems were cut on each tree and only
on one instance. This meant there were both less cuts and less attempts at gaining manna.
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This may help explain the large decrease in manna success from the native stands (71%) and
the field trials (45.9% and 24.4%).

There are potentially other reasons why manna success was so low at the field trials. One
explanation is the age of trees, as the native tree stands were significantly older than the
common garden trees. It is currently unknown whether manna is connected to any life history
stages. The trees within the field trials were on the cusp of flowering and budding, and it was
potentially the first reproductive season many of these trees had. If manna was linked to tree
maturity, many trees within the field trials may simply have been too young to produce
manna samples.

Manna quality showed high consistencies across different sampling periods. This was to
explore temporal variation in manna at the common garden field trials. This consisted of three
separate sampling periods throughout summer at the Connorville field trial. Past research
suggests seasonality in manna quantity (Spring and early summer saw greater quantities of
manna than winter, coinciding with rapid tree leaf growth (Basden 1965), however, this study
only looked at variation over a 6-week period, and found high consistencies, indicating no
variation. This is potentially due to the low sample size, the difficulty extracting manna, or the
time of sampling (early to mid-summer).

Variation in manna across the native distribution of E. viminalis
The composition of manna on Bruny Island was dominated by SUC and RAF sugars, and manna
quality showed significant variation across populations on Bruny Island. Manna quality, SUC
and RAF portions showed significant variation across populations and manna quality also
varied across region. These results could indicate a relationship between manna traits and
climatic variables. This study found a positive association between manna quality and the
annual heat moisture index (AHM) of populations on Bruny Island AHM incorporates average
temperature and precipitation variables instead of the two alone, to represent soil moisture
content (Wang et al. 2006). AHM may also be a more sufficient variable to use in relation to
effects from climate change (Castellanos-Acuña et al. 2018; Wang et al. 2006), as the
predictions of changes in precipitation are small by comparison to changes in temperature
(Flato et al. 2000).
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Eucalyptus viminalis is a tree species which is already struggling due to climate change. The
species has been experience large dieback due to the decrease in rainfall and precipitation
(Jurskis 2016), and is vulnerable to drought (Li et al. 2018). This relationship E.viminalis and
AHM in relation to manna indicates manna could be vulnerable to climate change. This would
have negative results for the vulnerable pardalote species, as specialist species, species of low
population and species of low dispersal are all characteristics of the forty spotted pardalote
and are also indicators of climate change vulnerable species (Foden et al. 2013).

The environmental variables of temperature (TMXWP) was insignificant on Bruny Island
indicating that this is a specific response of AHM and therefore soil moisture content. This
may be due to the likely mechanism behind manna formation. Although it is not yet known
exactly how manna forms, it is potentially related to sap, and sap flow is negatively affected
by drought, due to its relationship to the water transport systems in the tree (Nadezhdina
1999). There were no significant associations between environmental or soil variables at for
the provenances established in the common garden field trials.

Climatic and soil variables were explored in this study due to the association between other
positive plant traits and environmentally influenced variation. Environmental factors lead to
the largest sources of variation within traits such as nectar(Bertsch 1983; Boose 1997; Carroll
et al. 2001; Jakobsen and Kritjansson 1994; Leiss and Klinkhamer 2005; Parachnowitsch et al.
2019; Petanidou and Smets 1996; Zimmerman 1983). This may be because environmental
plasticity can lead to increased survival and success in a community, due to increased
adaptability in climates (Chambel et al. 2005; Nicotra et al. 2010). The trait of nectar
production rate is associated with water availability (Boose 1997; Carroll et al. 2001; Leiss and
Klinkhamer 2005; Zimmerman 1983), humidity (Bertsch 1983) and temperature (Jakobsen
and Kritjansson 1994; Petanidou and Smets 1996). For honeydew, more humid conditions
may dilute honeydew droplets (Gaze and Cloud 1983) and an increase in temperature can
lead to a more concentrated sugar content of the honeydew (Gaze and Cloud 1983), as well
as greater quantities due to increased aphid productivity (Özder and SAGLAM 2013). Soil
nutrients are known to effect both nectar and flower traits (Baude et al. 2011; Burkle and
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Irwin 2009; Gardener and Gillman 2001). Increased nutrients can have both positive and
negative effects on plants and vegetation (Baude et al. 2011; Bowman et al. 2004). Due to
this, soil nutrient variables were explored in this study to see if they would also affect manna
traits, however, no associations were seen.

Manna quality and the forty-spotted pardalote distribution
A frequent question of ecologists surround why species are distributed the way they are? One
potential answer surrounds the availability and quality of food resources in a habitat. The
populations of Dennes hills and Inala Nature Reserve (populations N2 and S2) have the
strongest colonies of the pardalotes on Bruny Island. If the pardalotes colonised sites based
on manna quality, we would expect that these two sites, to correspond with the highest
quality of manna, however, this was not the case. Both N2 and S2 have lower SUC:RAF and
therefore manna quality (0.37 and

0.35 respectively) compared to other populations

(SUC:RAF varied between 0.33 to 0.50) (Table 6). It is likely that another factor is more
important for the pardalotes distribution around Bruny Island, such as habitat requirements.
Both N2 and S2 populations had the largest averages of tree trunk diameter of all sampled
populations (Table 6). This is consistent with previous research of the pardalote species,
which has identified mature E. viminalis trees and nest cavities as essential requirements for
the species (Bryant 2010; Edworthy 2016; Woinarski and Bulman 1985).

The trait of high quality manna was adopted by work of Swart (2017), who explored the
difference between primary, secondary and unused trees and found a significance in this
SUC:RAF and therefore manna quality, seeing increase quality manna in primary tree when
compared to secondary. This indicated a choice for trees with higher quality manna. The
primary tree referred to time spent foraging, and pardalotes spent around 80% of time
farming manna in these trees. The primary trees weren’t always nest trees for the birds in
Swarts study, and coincidentally usually had the highest tree trunk diameter of all other trees
within the colonies territory. Swarts work also had lower scaled manna quality then in this
study, where primary tree manna varied between 0.29-0.36 SUC:RAF, and in this research the
highest quality manna was 0.50 SUC:RAF (population N3). The populations N2 and S2 had
manna that were considered high quality by Swarts research, but fairly low in comparison to
populations across this study. The results of populatiosn N2 and S2 have high quality manna
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across the scale presented in Swarts research, a result may make sense considering both
populations at Dennes hill and Inala Nature Reserve were sampled by Swart as well.

Future directions and Implications of research
An area for future research could focus on species distribution models in relation to manna
quality. At what level would food quality influence the pardalotes distribution? Previous
research has identified habitat requirements as a crucial element for the pardalotes presence
in any given community, but food resources are also important for a species survival. Manna
has been identified as essential but previous work (Case and Edworthy 2016), but to what
extent in quality causes choices for and against manna? Is the quality of manna required for
the species lower than the average in this study? Or is it simply that increased amount of
sucrose in the manna not important to the species?

A question worth investigating in the future may examine if manna from branches in buckets
vary from manna on trees? Does this method have any consequence on the manna? Research
in manna composition is so new that our results do not signify any abnormalities to indicate
whether this may be an issue. Swart (2017) method was similar, as branches were also taken
off trees for extraction. The obvious reason for this is that mature E. viminalis trees are very
tall and would require a method that includes tree climbing if a method similar to the
common-garden field trials were used. Another area worth investigating is quantity of manna.
The quantity of manna was initially attempted to be studied, but due to the initial difficulties
extracting manna in the common-gardens, and the subsequent variations in extraction
method, it was later removed.

The main objective of this study was to explore mechanisms that may relate to manna
variation in E. viminalis, and aid to further understanding ofthe relatively understudied
resource. of the finding of significant spatial variation in manna quality is an important result
and signifies there is significant variation in manna intra-specifically. This will pave the way
for further exploration as to what may be controlling manna variation, and how it may arise.
Manna quality was associated with annual heat moisture index and therefore environmental
variables may be a mechanism controlling variation in manna. However, this did not account
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for all the variation seen in manna quality. Small sample sizes may have hindered some
results and therefore replication and further exploration in these variables are essential.

These results indicate future research must focus on the potential impacts of climate change.
The forty-spotted pardalote is a species already vulnerable to climate change (Webb et al.
2019) and the effects of climate change on the endangered species could be devastating.
Therefore, this study may help aid future management and conservation practices in relation
to the pardalote. The results in manna composition and concentration may also aid in the
establishment of feeding trials.
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SUPPORTING MATERIAL

Appendix 1: Sugar proportion variations across populations of Eucalyptus viminalis manna on Bruny
Island: Sugars represented include A) fructose (pcFRU); B) glucose (pcGLU); C) stachyose (pcSTA); D)
sucrose (pcSUC); E) raffinose (pcRAF); and F) sucrose to raffinose ratio (SucTOraf).The green triangles
indicate above mean results sugar proportions, and the red circles indicate below mean results. The
larger the shape (triangle or circle), the further from the mean result the population is. Note that
proportions of fructose and glucose (A and B) are too low to be listed in key.
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Introduction
Animals rely upon plants for their survival, either directly or indirectly, through the resources
or habitat they provide. The complexity of the vegetative community (i.e. the structure and
composition of the flora) can often provide contrasting resources and habitat quality, thus
shaping patterns of biodiversity (Bennett 2010; Litteral and Shochat 2017; Virgós 2002).
Animals exploit their environment by forming interment relationships with their host plant
(Altshuler 2003; Temeles 1996) . Antagonistic relationships often come at a cost to the host
plant. Such is the case with many plant-herbivore interactions, where foraging can damage
the plant, impact growth rates and the plants overall fitness (Vourc'H et al. 2002). Conversely,
mutualistic relationships result in either neutral (i.e. no detrimental effect) or beneficial
responses between the host species and animal (Boucher et al. 1982). A direct mutualistic
relationship is seen where both species benefit from the interaction such as the interactions
between pollinators and flowers, pollination occurs by insect (or other animals) when
collecting nectar and pollen from multiple flowers (Thomson et al. 1989). This process has
direct impacts of dispersing pollen for the flower and providing a food resource for pollinator.
Another excellent example is the relationship between plants investment in extrafloral
nectaries to encourage ant protection against herbivory on reproductive traits (Bluthgen et
al. 2000; Ness et al. 2009; Zhang et al. 2015). Indeed, there are many examples demonstrating
the close evolutionary history between animal species and the environment they exist in
(Macior 1971).

It is unclear whether antagonistic and mutualistic relationships will decouple with their hostspecies as environments change (i.e. with climate change). As climates warm, it is predicted
species will disperse to follow their optimal environmental niche (Suppiah et al. 2007; Thuiller
et al. 2011; Zhang et al. 2015). Already, there is clear evidence for increased elevation and
latitudinal migration of both plants and animals, as well as effects on biotic interactions within
communities and ecosystems (Chen et al. 2011; Feeley et al. 2013; Guillaumet 2017;
Parmesan and Yohe 2003; Serra‐Diaz et al. 2016; Thomas 2010; Thuiller et al. 2005). However,
in the case of long-lived and sessile forest tree species that are often foundation species of an
ecosystem, there is a disparity between their ability to disperse verses the pace required to
track the optimal environmental niche (Aitken et al. 2008). It is expected tree species may
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either persist, adapt, or die as their home-site environment becomes maladaptive (Aitken et
al. 2008). Indeed, there is already range-wide dieback across the world (Allen et al. 2010) and
within Australia (Hoffmann et al. 2019). Facilitated migration within (assisted migration) and
outside (assisted colonisation) a species range has been proposed as an approach to mitigate
such dieback events as climates warm (Prober et al. 2016). However, we have little knowledge
on how to move species around and the broader implications such translocations will have
on dependent organisms.

One step towards understanding the potential implication of facilitated migration on
dependent organisms is through gaining an understanding of the quality and quantity
different resources offered by tree species vary through space and time. Variation in
phenotypic

expression

of

traits

is

fundamentally influenced in one of three
ways. First, traits can vary based on
genotype,

the

underlying

genetic

composition of an organism. Second, the
trait

variation

environmental

may

be

variation,

due

to

such

as

environmental pressure on the organism
throughout its development. Third, an
interaction

between

genotype

and

environment (hereafter GxE) may occur
when, for example, the response to the
environment depends on different genetic
backgrounds (see Figure 1, Nicotra et al.
2010). Within species variation in the
phenotype of plants can be seen both
within- and between- populations, as well
as within individual plants, however this
review will primarily focus on withinpopulation variation on plant traits.

Figure one: a conceptual diagram representation of
the effect of genetic, environmental, and genetic by
environmental interaction on the production of
anthocyanins in a leaf (reproduced from Nicotra et
al. 2010). The response is illustrated under two sets
of environmental conditions (Env1 and Env2).
Picture 1 visualises phenotypic plasticity, where the
influence of environment is the mechanism for
phenotypic expression. Picture 2 shows genetic
variance as the mechanism that controls phenotypic
expression. Picture 3 shows an interaction between
genetic and environmental (GxE) factors explaining
phenotypic expression.
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Plant traits which provide an unproportionally higher resource content for many animals are
those with high sugar contents. Resources such as nectar, honeydew, manna and lerp have
high glucose and sucrose contents (Basden 1965; Basden 1966; Basden 1967; Basden 1970;
Paton 1980), which feed large numbers of avian species and insects, as well as some mammals
and reptiles (Carthew et al. 1999; Ford and Paton 1982; Olsson et al. 2000; Paton 1980;
Steinbauer 1996; Woinarski et al. 1989). Foliar herbivory may decrease the plants overall
fitness (Rausher 2001; Vourc'H et al. 2002). However, that is not likely the case with these
sugary exudates (nectar, honeydew, manna and lerp). In case of nectar, consumption by
animals is encouraged to fulfil reproductive cycles (Parachnowitsch et al. 2019).
Consequently, the foraging of these positive plant traits rarely shows negative effects on the
plant’s overall fitness, and in many cases, positive mutualistic relationships have evolved.

To understand the ecological and evolutionary relationships between animals and plants it is
important to understand what underpins the variation in these resources. The variation in
the quality and quantity of resources not only has direct effects on the herbivores feeding on
the plant, but has flow-on consequences on community composition and ecosystem
functioning (Whitham et al. 2006). This is particularly true in the context of foundation
species, which are relied upon by an unproportionally high amount of animals compared to
other resources (Ellison et al. 2005), and variation in these traits will have cascading effects
on individuals or whole populations (Bailey et al. 2004; Barbour et al. 2009; Ellison et al. 2005).
Recent studies have shown that traits can have predictable effects on community structure
and ecosystem processes, particularly if that trait has a heritable component (Whitham et al.
2006). Species do not evolve in a vacuum (Whitham et al. 2006), and therefore it is important
to understand the whole picture when dealing with community functioning and foundation
species. Understanding how traits vary and the mechanism that controls this has great
importance and can be used in the fields of conservation and restoration.

For the purposes of this review, discussion will focus around the sugar-based exudates of
nectar, honeydew, manna and lerp. Pollen has been excluded, despite its high importance to
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many nectar consumers, as it is not a sugary-based trait. Phloem sap has also been excluded
from this review, despite being consumed by aphids and other insects which produce
honeydew and lerp, as the complexity of interaction between host tree species, aphid food
source and also biotic and abiotic factors, is beyond the scope of this study.

While many species have examined genetic and environmental influences on some plant
traits (i.e. plant secondary metabolites (Bailey et al. 2005; Close et al. 2003; Mutikainen et al.
2000; O'Reilly-Wapstra et al. 2004; O’Reilly-Wapstra et al. 2005)) significantly less is known
about variation in sugar-based plant traits. Such is the case with manna and lerp, two traits
which are key resources to many birds and insects, and endangered animals (Paton 1980),
have received little attention, with only a few studies examining their chemical composition,
let alone variation (Basden 1965; Basden 1966; Basden 1970; Woinarski et al. 1989).
Therefore, the aim of this review is to bring together the existing literature on genetic and
environmental variation in sugar-based plant traits including nectar, honeydew, manna and
lerp, which are important resources to a wide range of animals. Focussing on the evidence for
environmental and genetically-based phenotypic variation in these traits, this review aims to
identify key research gaps by summarising the literature on nectar, honeydew, manna and
lerp, and then apply nectar and honeydew as “model systems” to manna and lerp, as they
have received substantially more investigation. Knowledge of how these traits vary and
respond to genetic and environmental constraints will provide information to aid future
predictions and hypothesis about the resource variation, and contribute to predictions in
restoration, conservation and management.
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Nectar
Nectar is a sugary secretion produced by the nectary glands of plants. It contains primarily
sugars, such as sucrose, glucose and fructose as well as a small amount of carbohydrates,
amino acids and volatiles. Nectar is an obligatory part of the diet of a diverse range of animals,
including bees, ants and many small birds, such as honeyeaters and hummingbirds, as well as
some reptiles and marsupials (Bond and Brown 1979; Bradshaw and Bradshaw 2001; Oliver
2001; Olsson et al. 2000). Nectar also has large economic value to humans, being the main
sugar resource for honey (Ball 2007). One characteristic of nectar is that it experiences diurnal
variations (Bond and Brown 1979; Pleasants 1983), most likely to follow the activity of the
pollinators it has co-evolved with (Canto et al. 2008). Nectary glands are present in various
parts of the flower (floral nectaries), as well as outside of the flower (extrafloral nectaries),
and the location of the nectaries on the plant is directly associated with their function. For
example, the floral nectaries serve an important role during reproduction, providing a
nutritional reward (Parachnowitsch et al. 2019) commonly at the base of the flower enticing
pollinators to transport reproductive pollen between flowers. Extrafloral nectaries, however,
serve a different but equally important function. They are features of plants that either
distract insects that aren’t their target pollinators (Wagner and Kay 2002), or encourage more
predatory species, such as ants, to control foraging herbivores that may otherwise feed on
reproductive or floral parts (Bentley 1977; Ness et al. 2009). Indeed, this strategy for nectar
defence other than nectar toxins (i.e. the investment in alkaloid content) may constitute a
less energetic pathway to deter non-specific pollinators (Adler 2000; Adler and Irwin 2005).
Box 1: Nectar traits
Some nectar traits discussed within this review include:
Nectar production rates (NPR): the rate in which nectar is produced and/or replenished after removal
from a flower.
Nectar concentration: The relative amounts (%) of different chemicals that make up nectar.
Sugar concentration: The concentration of sugars existing within the nectar.
Total sugar: the total sum of sugar present within the nectar.

Genetic variability

Nectar volume: the mean volume of nectar over a 24 hour period.

There has been extensive investigation in nectar production rates (NPR) and sugar
composition (see box 1: Nectar traits), but outside of these nectar traits, nectar variation has
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been studied very little. Studies have found that plants with higher rewards per flower may
receive more visits from pollinators (Boose 1997; Real and Rathcke 1991; Thomson et al.
1989; Zimmerman 1983), resulting in pollinators either spending more time at each flower or
spending less time at each flower but visiting more flowers (Campbell 1996; Zimmerman
1983), potentially increasing the diversity of pollen donors and reproductive success.
However, for plant traits to evolve by selection, there must be sufficient phenotypic variation
for pollinators to choose between, and an underlying heritability to these traits (Boose 1997;
Falconer 1960; Via and Lande 1985). Within nectar, there is evidence of genetic-based
variation of nectar traits, with medium estimates of heritability (Mitchell 2004;
Parachnowitsch et al. 2019).

Studies have reported low heritability in nectar traits and speculated whether this reflected a
true genetic signal. For example, Thomson et al. (1989), who posited that the strong
differences observed in their study was due to pollinator visitation and subsequent revisits
speculated the slightest variation in pot watering may play a factor as well. Campbell (1996),
who conducted a field study, produced low heritability results, but noted results were
swamped with environmentally induced phenotypic variation. The limited information on
genetic variation within nectar traits, as mentioned in Mitchell (2004) review is likely due to
the often large effects of environmental variation seen in the field that clouds genetic signals
(Boose 1997; Campbell 1996; Mitchell and Shaw 1993). The difficulty in assessing nectar traits,
unwitting ability for cross contamination in green house studies, and the diurnal variability
pattern in nectar production, together constrain studying genetic variability in nectar
(Mitchell 2004). However, as shown in figure 2, studies have overcome this constraint. In a
field study, Liess et al. (2004) showed that high and low nectar production was partly under
genetic control. Within glasshouse experiments, heritability’s have also been estimated.
Mitchell and Shaw (1993) found significant differences between narrow-sense and broadsense heritability estimates, indicating additive genetic variation (see box 2) of both nectar
volume but not nectar concentration.
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A review published earlier this year (Parachnowitsch et al. 2019), which reported the total of
all heritability estimates for nectar production within the literature, included just eight studies
that listed nectar trait heritability’s. The eight studies noted heritability estimates (figure 2),
and although the paper calls for more research to make synthetic analysis of nectar
heritability, there is suitable evidence to suggest at least NPRs are often heritable (with an
average NPR heritability of 0.31) (Boose 1997; Campbell 1996; Klinkhamer and van der Veenvan Wijk 1999; Leiss et al. 2004; Vogler et al. 1999). Outside of NPR, as can be seen in figure
2, there only a few studies that have presented heritability of other nectar traits (Campbell
1996; Kaczorowski et al. 2008; Vogler et al. 1999; Zu and Schiestl 2017). Therefore, the
evidence suggests that the nectar trait of NPR may be heritable , but there is not enough
information about other nectar traits to see if this applies to other traits. (Mitchell 2004;
Parachnowitsch et al. 2019).

Figure two: All heritability in nectar traits reported in the literature (figure 2 of Parachnowitsch et al.
2019). Estimates by crosses (circles, n = 8), clones (diamonds, n = 8) and response to selection (triangles,
n = 6). Symbols in black are statistically significant at P < 0.05. NPR = nectar production rate. Data from a
total of eight studies are include results from (Mitchell and Shaw, 1993; Campbell, 1996; Boose, 1997;
Klinkhamer and Wijk, 1999; Vogler et al., 1999; Leiss et al., 2004; Kaczorowski et al., 2008; Zu and Schiestl,
2017)
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Box 2: Glossary
Additive genetic variance involves the inheritance of certain alleles from parents and this allele has
independent effect on the specific phenotype, which will cause the phenotype deviation from the
mean phenotype.
Broad-sense heritability is the ratio of total genetic variance to total phenotypic variance. H2 =
VG/VP.
Narrow-sense heritability is the ratio of additive genetic variance to the total phenotypic variance.
Heritability includes both broad-sense and narrow-sense heritability and is the genetics an individual
has gained from parents.

Environmental variability
Environmental effects are the largest source of variation within nectar traits, as nectar traits
show high environmental sensitivity (Boose 1997). Nectar traits respond plastically when
exposed to varying environments, such as differing levels of soil nutrients, precipitation and
humidity. This response to varying conditions can translate to enhanced fitness (Chambel et
al. 2005; Nicotra et al. 2010), which is particularly important for long-lived plants such as trees
(Bradshaw 1965). NPR and nectar volume has been shown to increase with increasing water
availability (Boose 1997; Carroll et al. 2001; Leiss and Klinkhamer 2005; Waser and Price 2016;
Zimmerman 1983) and soil nutrient levels (Baude et al. 2011). Conversely, decreased nectar
production has been associated with shading (Zimmerman and Pyke 1988) and the droughting
of plants (Carroll et al. 2001). The fungal composition of the soil communities shows varied
effects. In one instance on Polemonium viscosum, fungicide treatments yielded greater
volumes of nectar (Becklin et al. 2011), whereas another study found that mycorrhizal fungi
increase nectar sugar content in Tagetes erecta, but not in two other annual plant species in
the study (Gange and Smith 2005). Humidity has also documented positive correlation with
increasing nectar volume (Bertsch 1983). An increase in CO2 is observed to have complex
effects on nectar traits, with nectar volume observed decreasing in the presence of elevated
CO2 (Rusterholz and Erhardt 1998). Contrastingly, NPR has been observed increasing in
Epilobium angustifolium when exposed to elevated CO2 (Erhardt et al. 2005), and had no
effect on legume plants (Rusterholz and Erhardt 1998). On top of that, increased temperature
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has been noted to have positive correlations with NPR, between 10°C and 18°C (Jakobsen and
Kritjansson 1994), and up to 38°C in Mediterranean plants (Petanidou and Smets 1996).

Pollinator interaction with plants influences some nectar traits. For example, pollinator
sounds may influence an increase nectar sugar concentration (Veits et al. 2019), where
certain frequencies induced plant responses in as little as three minutes (Veits et al. 2019).
Age and flower shape influences pollinator choice. For example, Bond and Brown (1979)
found in Eucalyptus impressor and honeybee interactions a preference of old flowers foraging
effecting pollinator choice, as flower age has an effect over nectar traits. A similar result was
seen by Southwick and Southwick (1983), who noted peak nectar volume on the second day
of the flowering period and a decrease in nectar sugar concentration as the flowering period
continued (Southwick and Southwick 1983).

The production of nectar additionally has a temporal component. Ipomopsis aggregate also
showed variation over seasons with significantly higher NPR during summer compared to
later in the season, however, sugar content between seasons did not differ (Pleasants 1983).
Such seasonal patterns in the production of nectar is believed to be linked with the timing of
pollinator activity levels, as well as pollinator visitation and subsequent revisits (Thomson et
al. 1989).

Genetic by environmental (GxE) variation
Boose (1997) was among the first to demonstrate a genetic by environment (GxE, figure 1)
interaction in nectar production rates. Nectar production traits had significant responses to
changes in water and light availability, but these responses were not equal, despite being
grown in a glasshouse and having a large control over external features. Boose (1997)
concluded that a high-nectar producing genotype in one environment may not be high when
that genotype is tested in another environment, potentially indicating a link between
plasticity and genetics.
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The interaction between genetic and environment shaping variation in nectar traits is
underappreciated and possibly has a much larger influence over nectar variation, despite the
huge phenotypic variation seen due to the environment. Nectar production traits had
significant responses to changes in water and light availability, but that they were not equal
in their responses, despite being gown in a glasshouse and having a large control over external
features. Boose (1997) concluded that a high-nectar producing genotype in one environment
may not be in another, indicating that genotypes may be suited to different environments.
Leiss and Klinkman (2005) supported this, hypothesising that there were selective advantages
to having both an increased plasticity to water availability and nectar production, as well as a
higher nectar producing type of genotype within the same environment.
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Honeydew
Honeydew is made up of primarily sugars, such as glucose, sucrose and xylose (Völkl et al.
1999), and is a sugary secretion of nymphal staged aphids, coccids and psyllids, which feed on
tree sap (Gaze and Cloud 1983). It is a particularly important food resource for ants, other
insects, birds and even some marsupials (Holland et al. 2007; Paton 1980). In particular,
honeydew is important as it is a carbohydrate present all year round and suggested to be a
substitute for nectar in the off seasons (Murphy and Kelly 2003), and also shows diurnal
patterns as noted in nectar. Honeydew is produced by aphids and scale insects, which
consume sap directly from phloem transport, and excrete honeydew as a bi-product from
their anus (Tjallingii 1995). The end product either falls from the insect onto bark or the forest
floor, or is plucked straight from their body, an action formed by ants in a mutualistic
relationship (Detrain et al. 2010). The honeydew traits of production rate, quantity and
quality (I.e. sugar concentration and composition) can all covary. Honeydew traits are known
to vary in three ways; due to insect species (producing honeydew, and interactions), host tree
species, and environmental variables (Dungan and Kelly 2003; Fischer and Shingleton 2001;
Kelly et al. 1992; Murphy and Kelly 2003; Völkl et al. 1999).

Host tree species variation
The effect of host tree may be linked to photosynthetic capacity or specific variations within
host tree traits such as sap. Fischer and Shingleton (2001) investigated how honeydew varied
based on a poplus species, noting changes in sugar compositions with different tree species.
Some trees were able to support more production of honeydew (more insects) than others in
study by Dungan and Kelly (2003) on New Zealand Beech trees. There has been no studies
that have investigated host-tree species genetic variation of honeydew on trees. A plausible
hypothesis for host plant variation on honeydew may have to do with the nutritional quality
of phloem sap, and therefore, the flow on effects this has on the aphid producing honeydew
(Douglas 1993; Fisher et al. 1984).
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Abiotic variation
Honeydew varies greatly with season, not unlike nectar. Murphy and Kelly (2003)
documented seasonal variation in honeydew production in New Zealand on trees from the
Fagaceae, or beech family, seeing the lowest quantity of honeydew in winter and the highest
in spring. This result is un-surprising and correlates with increased foraging of honeyeater and
similar birds, as well as honeybees, wasps and further pollinator activity. Moller and Tilly
(1989) confirm seasonality of honeydew, seeing high quantity in late winter to spring and then
a decline. Gaze and Clout (1983) also saw this trend but noted a peak in honeydew production
again in Autumn, which isn’t always documented and could be due to tree species. Moller
and Tilly (1989) also noted that the quality of honeydew drops on anal tubes were greater in
winter/spring, indicating sugar concentrations may also be impacted by season, and Glaze &
Clout (1983) noted a similar trend. This seasonal fluctuation is also seen in nectar, and could
be either an indicator of environment, or pollinator activity.

Honeydew, Similarly to nectar, experiences significant diurnal variation. This variation is seen
in both honeydew quality and quantity. Honeydew can become more concentrated as the day
progresses (Gaze and Cloud 1983), which has been documented not only as an effect on
honeydew quality but also quantity. When sugar concentrations were high, honeydew
became thicker, and hung from the insect possibly inhibiting further flow, but when sugar
concentration was low, honeydew flowed freely (Moller and Tilley 1989) these results of daily
variation in honeydew standing crop are supported by Kelly et al. (1992).

Environmental effects such as home-site altitude and aspect may have large influences of
honeydew quantity. Studies comparing insect infestations and resulting honeydew
production at two sites of Nothofagus solandri saw higher quantities at lower altitudes (Kelly
et al. 1992). Dungan and Kelly (2003) saw similar, site dependent results that were
hypothesised to be linked with altitude. Aphids consume sap directly from phloem transport,
and therefore there is importance in cell turgor and aphid uptake and production of sap
(Tjallingii 1995). Crozier (1981) hypothesized aspect to be a contributing factor of high
densities of honeydew threads, noting that sunnier aspects promote a more productive
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environment and are favoured by honeydew producing insects (Crozier 1981). However,
other studies studying the relationship between aspect and honeydew production did not see
evidence of an association of aspect on honeydew traits (Kelly 1990; Kelly et al. 1992). This
could be due to a range of factors, but most probably due to insect or host species presence
and abundance.

Other environmental factors such as weather, temperature, humidity and CO2 have all
showed effects on honeydew traits and honeydew producers. An increased temperature can
lead to a more concentrated sugar content of the honeydew, and more humid conditions may
dilute honeydew droplets (Gaze and Cloud 1983). Bark temperature has been shown to be a
strong determinant of the behaviour of bark-dwelling beetles (Schmid et al. 1991), and
Dungan and Kelly (2003) hypothesized it is possible that beech scale insects are similarly
temperature regulated. Studies about the impact of carbon dioxide (CO2), and the resulting
expectations of climate change, are beginning to emerge. Phloem sap-suckers such as aphids
have a complex response to elevated CO2 (Newman 2004; Sun et al. 2010). Aphids feed
exclusively on phloem sap and are very sensitive to changes in its composition (Himanen et
al. 2008; Pritchard et al. 2007). In a study conducted by Sun et al. (2009), a greater quantity
of honeydew was produced by aphids reared under elevated CO2 conditions than by those
reared under ordinary CO2 conditions. However, climate change is associated with more than
just increased CO2, and it is important to note that despite the indication of increased
productivity, increase temperature appears to have negative effects on aphid productivity
(Blanchard et al. 2019). Temperature shows positive effects on aphid productivity, to a certain
extent, as different aphid species respond differently to environment (Özder and SAGLAM
2013). In a study on four aphid species, half the aphid species responded negatively in
developmental speed to increased temperature, whereas the other half expressed increased
developmental growth in a given timeframe and showed similar positive and negative
associations in fecundity and adult longevity. In a general trend, insects respond positively (to
a threshold) with increased temperature, showing increased growth and reproduction in
warmer temperatures (Gilbert and Raworth 1996). Therefore, we would expect to see an
increase in honeydew production in response to increased temperature and warmer weather.
However, despite this probable link, there is limited literature on the effect of temperature
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on honeydew production. A single study on ant-aphid-plant interaction due to temperature,
suggested a threshold of 29°C and above temperatures where honeydew standing crop
relative abundance decreased significantly compared to 23 and 27°C (Sagata and Gibb 2016).
This response to temperature is quadratic, suggesting honeydew production has an optimum
temperature depending on aphid species, showing low productivity at high and low
temperatures.

Biotic environment
An important biotic factor that influences honeydew production is of course, the insects
themselves. The effect of the honeydew producing insect is possibly the most studied
variation in honeydew. However, honeydew producing insects can have a mutualistic
relationship with ants, adding another biotic factor into the complex relationships that may
lead to honeydew variation. The aphids that produce honeydew, invest effort into making it
more favourable to ants, as ants can provide protection from predation (Völkl et al. 1999; Yao
and Akimoto 2002). This indicates that both aphid and ant species can lead to variation within
honeydew (Fischer and Shingleton 2001). Studies have found glucose tends to be lower in
aphids raised under an ant mutualism than without (Fischer and Shingleton 2001), as ants
responds positively with greater concentrations of melezitose (Kiss 1981; Völkl et al. 1999),
which is a type of sugar. The gut microbial composition of aphids may be one of the reasons
for aphid alteration of sugar content for ants. Davidson et al. (1994) determined the gut
microbia in the digestive tract of aphids controlled for variations in sugar composition,
however, this hypothesis was later refuted by Wilkinson et al. (1997), claiming it was simply
the species involved that lead to variation in sugar content, not its internal gut microbial
community (Davidson et al. 1994; Wilkinson et al. 1997).
This interaction between ants and aphids must be significant, considering the magnitude of
this interaction, as ants and aphids co-occur in almost all environments. This relationship is
also associated with greater yields of honeydew (Fischer and Shingleton 2001; Völkl et al.
1999), and can even lead to competition for ants between aphid individuals (Del-Claro and
Oliveira 1993). This effect on honeydew quality and quantity being influenced by ant
interaction has been widely replicated (Blanchard et al. 2019; Del-Claro and Oliveira 1993;
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Detrain et al. 2010; Völkl et al. 1999), and therefore indicates its importance in influencing
honeydew variation.
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Manna and Lerp
Manna and lerp are sugar rich resources found frequently on and around Eucalyptus trees
(Paton 1980). Manna is a sugary secretion that exudes from wounds on tree branches and
stems (Paton 1980), and lerp is a protective covering of many psyllids, composed of
carbohydrates (Basden 1970). They vary in both the mechanisms in which they arise, as well
as their chemical composition. Lerp, similarly to honeydew, is produced by passing through
the alimentary system of an insect. Honeydew is a waste product, and lerp is produced to
cover the insect from external weather. Interestingly, it has been suggested that lerp covered
psyllids can produce honeydew whilst underneath lerp, implying that the function of
honeydew production and lerp production can co-occur. It is unknown what mechanism
controls how manna arises, but it appears to be a reaction of the tree in response to wounds.

Manna
Manna, as defined by Basden (1965), is the saccharine secretion of trees themselves, are the
product of tree wounds, and are an attractive resource to ants, birds, sugar gliders and other
animals (Holland (Carthew et al. 1999; Holland et al. 2007; Paton 1980; Recher et al. 1985;
Recher 2016; Smith 1982; Steinbauer 1996). Manna exudes as a clear-whiteish liquid and
crystalize into small white globs (around 0.5mm- 5mm diameter in general) upon contact with
the air. From the reviewed literature manna has only been observed within the Myrtaceae
(Myrtle) family, on several species of Eucalyptus (including, but not limited to, E. viminalis, E.
Paucifora, E. panctata, E. maculate, E. manifera) and two Angophora species, A. floribunda
and A. costata. Although manna’s chemical composition is known to vary between tree
species (see table 1), manna consists of about 60% sugars, 16% water, 20% pectin and uronic
acids, and a small amount of ash (Basden 1965). Little of manna has been investigated. Except
for a few past studies on manna chemical composition and occurrence, nothing of the genetic
and/or environmental factors relating to manna variation are known.

Manna and lerp have been confused in past by biologists, and up until the last half of the 20 th
century, the differences between manna and lerp had not clearly been defined. However,
manna and lerp, which have markedly different chemical compositions and mechanisms of
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arrival. Basden determined manna only occurs through wound inflicted by insect, as attempts
at inducing a manna response from the tree were unsuccessful. However, recently manna has
been shown to be produced by the wounds on E. Viminalis trees by the Forty-spotted
pardalote, Pardalotus quadragintus, in Southern Tasmania (Case and Edworthy 2016)(see box
3). The mining of manna by the Forty-spotted pardalote is a unique case and is one of the only
instances in which manna has been produced by another animal except for small insects. Case
and Edworthy (2016) could replicated the action in which the pardalote creates wounds, and
created wounds using a sharp scalpel blade by hand. The ability to create manna by scalpel
blade can occur in E. viminalis and E. pauciflora (Swart 2017) and therefore possibly in more
trees, but this has yet to be documented. Basden (1965) showed that manna is more than
just tree sap. It consists of sugars such as raffinose, stachyose, Melibiose and Sucrose (see
table 1) (Basden 1965). Basden hypothesized an enzyme in saliva may be influencing the
production of manna. However, now that manna can be created with a scalpel blade, this is
unlikely. Basden also hypothesized with less conviction that it may not be saliva but the
presence of a microorganism indirectly to the wound site. However, Basdens hypothesis of
insect saliva causing the manna response has been generally accepted (Smith 1982), we now
know that this is untrue. Based on Basdens (1965) and Case and Edworthys (2016), manna
may only be produced with very fine wounds, possibly only a few cells thick.

Although there is little research on manna, manna can vary in form of production rates, as
well as quantities varying based on season (Basden 1965). Spring and early summer saw
greater quantities of manna than winter, coinciding with rapid tree leaf growth (Basden
1965). Aspect may also have effected manna quantity, seeing higher densities of manna on
the side of the tree facing the sun than away, possibly relating to sap flow.
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Box 3: Manna
1

2

Picture 1 shows a Forty-spotted Pardalote eating manna from a tree which it possibly induced
(Sourced from http://www.graemechapman.com.au/library/viewphotos.php?c=722&pg=1). Picture 2
shows manna exuding from a tree stem (indicated by white arrow) (photography by Wing (2019)).

Lerp
Lerp is the protective coating found over many Australian psyllids (Paton 1980). Lerp, and the
insects producing it, are an important part of many animal diets, particularly small birds
(Oliver 1998; Paton 1980; Recher et al. 1985). Lerp like honeydew, has passed through
alimentary tract of an insect consuming phloem sap and excreted from the anus (Basden
1966; Basden 1970). Some species that create lerp coverings also excrete honeydew (Basden
1970). Lerp and manna have similar chemical compositions (see table 1), and both lerp and
manna are soluble in water and completely breaks down in the stomach of animals consuming
it (Basden 1966) making investigation of the plant resource difficult.

Lerps can vary in a few ways. Notably the biggest variation is in physical shape, where lerps
can either be round, cotton like, and even fern shaped (See figure 3) (Basden 1970) depending
on the insect involved in their arrival. Due to the vast diversity of psyllid species (Yang and
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Raman 2007), it is most probable that lerp shape is controlled by the insect producing it. They
also have varied chemical composition, particularly sugar composition, and it has been noted
that birds show preferences to different lerps based on size, shape and chemical composition
(Woinarski et al. 1989).

A

D

B

C

E

F

Figure three: Variation in lerp shape: A) Shows a basket lerp, with identified (Cardiaspina spp.). This leaf
may be red in colour due to the lerp consuming chlorophyll while sucking out sap B and C) fern shaped lerp
of a psyllid nymph; D & E) shows common lerp (also referred to as cotton-like or fibrous lerp). E shows ant
guarding lerp and possibly harvesting honeydew from developing lerp. F) shows scallop lerps.
A and D sourced from http://oneminutebugs.com.au/gum-tree-lerps/;
B and C sourced from https://aussiebugs.wordpress.com/2016/02/15/psyllids-lerps/
E sourced from http://oneminutebugs.com.au/gum-tree-lerps/
F sourced from https://aussiebugs.wordpress.com/2016/02/25/scallop-shell-lerps/
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Table 1: Manna and lerp percentage composition: Lerp specific to lerp of Eucalyptolyma Maidenii Froggatt
from table 1 in (Basden 1966). An average of manna composition referred to in Table 1 of Basden (1965),
listing manna composition of two Eucalyptus species (E. maculate and E. punctate) and angophorous costata.
Manna composition of E. viminalis from table 1 in Swart (unpublished data). Note that information from
Basden (1965) and Swart (unpublished data) had to be converted from total sugar concentration to total
chemical composition, with sugars equalling 60% of chemical composition.
MANNA

LERP

E. viminalis

E. maculata

E. punctata

Angophorous sp.

Eucalyptus sp.

STACHYOSE

2.3

-

1.2

6

Present

RAFFINOSE

41.2

48

48

39

~70

SUCROSE

15.6

3.6

12

Present

<1

2.4

4.8

3

Present

MELIBIOSE

-

6

-

-

~10

MOISTURE

16

16

16

16

3.2

20

20

20

20

9.4

ASH

4

4

4

4

<1

SOURCE

Swart

Basden

Basden (1965)

Basden (1965)

Basden (1966)

(unpublished

(1965)

GLUCOSE

&

FRUCTOSE

PECTIN

AND

URONIC ACIDS

data)

Further study
The importance of manna and lerp greatly exceeds being ‘substitutes’ in animal’s diets when
nectar sources are scares (Paton, 1980), and should be considered as primary food sources
(Case and Edworthy 2016; Holland et al. 2007; Oliver 1998; Oliver 2001; Steinbauer 1996).
Therefore, it is imperative to gain a deeper understanding of these resources, how they vary
and what influences this variation. Investigation in manna and lerp has had little attention in
recent literature. Significant improvements to their identification and chemical composition
was made 50-60 years ago, but scientific studies have slowed since then (Basden 1965;
Basden 1966; Basden 1967; Basden 1970; Woinarski et al. 1989). An important aspect of
investigating important manna and lerp traits involves their digestibility and solubility in
water. They are completely digested within the stomachs of animals, and therefore traditional
faecal studies cannot be implemented (Basden 1965; Basden 1966; Basden 1970; Smith 1982;
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Woinarski et al. 1989). Despite very little research focussing solely on manna or lerp, a great
extent of literature has mentioned the presence of these resources in animal diets (Holland
et al. 2007; Oliver 2000; Paton 1980; Paton 1982; Recher et al. 1985; Woinarski 1984).
Therefore, given its prevalence in the diets of animals, investigation into these resources and
the mechanisms controlling variation in the sources is important in providing a greater
understanding of their role in animal diets, and flow-on effects in the ecosystem.

Within nectar and honeydew, we see trait variation of quality and quantity is influenced by
both environmental and genetic factors. When comparing nectar and manna, both food
sources are secreted from plants and have high levels of sugars. Nectar is highly sensitive to
environmental conditions, but variation is also influenced by genetics, particularly in
heritability, and interactions of GxE. Due to their similarity, it is likely that further research
into manna production may find comparable reactions to the environment and genetics.
Previous studies have found that manna composition varies between species, however it may
also vary within species (Basden 1965). As with nectar, environmental conditions, such as
humidity, precipitation or seasonality, may show plasticity within manna. Considering the
large seasonality component of many traits other than nectar (such as honeydew, pollen, and
plant growth investment), investigation of seasonality in manna would also be important in
understanding how and why manna varies.

Much like honeydew, lerp is made by sap passing though the alimentary system of aphid or
psyllid insects. This similarity in the production of lerp and honeydew makes them reasonable
candidates for comparison, and both traits may have similar mechanisms controlling their
variation. Honeydew traits are largely controlled by the biotic environment with insects
responsible for producing the food source; lerp has also been shown to vary due to biotic
factors such as aphid species. The abiotic environment was also found to influence honeydew
traits, and whilst this abiotic influence is not known in lerp, it is plausible that lerp is also
influenced in a similar way.
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Conclusion
Plant trait variation in its simplest forms can occur due to one of three factors; the
environment, genetics, or a combination of the two. This review identifies how variation in
nectar, honeydew, manna and lerp occurs and discusses where literature is sparse. Nectar
has been studied extensively in some areas (including production rates and sugar
composition) and has been shown to vary due to genetic and environmental factors.
Honeydew, however, sees very little research in trait variation underpinned by host plant
genetic factors. Honeydew does experience large levels of variability due to the insect
producing it and environmental factors, and despite any evidence of host tree genetic
variation of honeydew, it is plausible to hypothesise that at least some variation may be
underpinned by genetics or GxE. Similarly, very little about manna and lerp variation has been
investigated, apart from some host-tree species and insect producing induced variation. We
can use what has been learned about nectar and honeydew as model systems and apply this
knowledge to how manna and lerp may potentially vary.

It is important to have a wholistic understanding of the underlying mechanisms of traits
variations and the flow-on effects these resources have on the ecosystem, so that predictions
can be made about future impacts. Factors controlling manna and lerp variation is currently
under-investigated and applying the knowledge of how nectar and honeydew vary
(considering the similarities seen between the traits) may be a good area for investigation in
the future. From here, studies need to consider the flow on effects trait variation can have;
not only on the fitness of individuals, but the whole ecosystem. With the increased pressures
due to climate change expected to rise as this century progresses, being able to predict how
crucial and foundation resources may respond will give conservative and restorative practices
the necessary knowledge to make proactive, not reactive, management decisions.
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