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1. Introduction

Figure 5: Selection of sampled species (own photographs, with key to abbreviations in Table 1) showing a

wide variety of visual floral traits.
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1.7 How to Assess Floral Nectar Production Rates

To assess a flower's nectar production, visually fresh-appearing flowers in peak anthesis are
typically shielded from pollinator access and left for 24 hours. This protection can be
achieved in a controlled environment like a greenhouse or using mesh-like bags to cover
inflorescences in the field, allowing continuous airflow. The amount of nectar collected after
24 hours is called the 'nectar production rate (NPR)’ (e.g. Pleasants, 1983). I distinguish
between two NPR methods in this thesis:

1. In the ‘ecological’ NPR method, flowers are bagged as found regardless of whether they
already contain any nectar or not, with the nectar that is already present referred to as a
‘standing crop’. The last pollinator visit, evaporation, and reabsorption effects all influence
the standing crop (Baker & Baker, 1983; Burquez & Corbet, 1991). The ‘ecological’ NPR
sums the amount of naturally present nectar (at the time of bagging) and the amount of
replenished nectar within the subsequent 24-hour period. During the refill period, the flower
may secrete additional nectar to compensate for previous visits, maintain the current level
(when homeostasis is present), or reabsorb nectar (Burquez & Corbet, 1991).

Chapters 3 and 4 use the ecological method for practical reasons and because I was more

interested in comparisons between sites and species than absolute nectar yields.

2. In the ‘physiological’ NPR method, the standing crop is initially removed before flowers
are bagged. The physiological NPR exclusively reflects only the amount of replenished nectar
after a single (simulated) pollinator visit. This method risks potential tissue damage or nectar
contamination due to non-sterile equipment. Conversely, nectar accumulated ecologically
from unmanipulated flowers may be just as, or even more, contaminated. Flower visitors can
introduce foreign pollen and microorganisms or get trapped while attempting to access the
nectar (e.g. Mittelbach et al., 2015).

Chapter 2 uses the second method because it is focused on the physiology of nectar

replenishment and, therefore, requires precise data on nectar yield.

The advantage of the ‘ecological’ NPR method is the reduced risk of tissue damage and the
efficient processing on a large scale (Chapters 3 and 4), as flowers do not require handling
(while removing a standing crop) while still on the tree, and because I was more interested in

comparisons between sites and species, rather than absolute nectar yields.
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1.8 Objectives and Hypotheses

This thesis investigates factors influencing nectar variation in New Zealand trees through
three progressively broader studies (Figure 7), spanning from temporal variation within an
individual species (Chapter 2), to variation between regional populations of eight species

(Chapter 3), and to nationwide variation between many species (Chapter 4).

In Chapter 2, I explore the diurnal variation of nectar traits within a single species, simulating
frequent pollinator visits to observe how flowers respond to frequent removals under
fluctuating hourly microclimate conditions. Chapter 3 focuses on inter-regional variation in
nectar production and composition in response to local climatic conditions. Finally, in Chapter
4, 1 delve into variations in nectar traits between numerous species on a broader scale,
investigating the role of visual floral traits and phylogenetic relationships in driving such
variations. The last chapter encompasses a comprehensive analysis of both nectar production

and composition.

Chapter 1 - Introduction:
Background Information for Experimental Chapters & Literature Review on
Nectar Secretion & Variation, Visual Floral Traits & Pollinators in NZ
+ Objectives & Hypotheses

Chapter 2: Chapter 3: Chapter 4:
Species-Level Analysis Population-Level Analysis Interspecific-Level Analysis
Do Floral & Nectar
r Traits Correlate? )
Do Flowers Do Abiotic Do Traits Are Traits Do Traits Do Traits
Respond To Factors u Vary Phylo- Align With
— Vary >
Frequent Nectar Effect Across genetically ~— Among Pollinator
Removal? Nectar? Regions? Conserved? Species? Syndromes?

‘ ) Y g '

Chapter 5 - General Discussion:
Synopsis of Findings and Answers To Key Questions

Figure 7: Thesis structure with key questions.
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1. Introduction

The Research Objectives included:

e Investigate the responses of nectar replenishment to frequent removal manipulations

and determine the extent of influence by diurnal microclimate variations.

e Identify regional variation in nectar traits within species and determine the drivers,

considering environmental (climatic) and floral traits.

e Identify interspecific variation in nectar and elucidate its drivers, including floral and

phylogenetic factors.

Chapter 2 — Nectar Composition and Neutral Replenishment Response to Frequent

Removal in the Bird-Pollinated Tree Vitex lucens Kirk (Lamiaceae)

This experiment investigated the nectar replenishment responses of the endemic
bird-pollinated tree species Vitex lucens to frequent removal manipulations simulating regular
pollinator visitations. I hypothesised that V. lucens flowers would initially respond positively
to frequent nectar removal, aligning with observations in other ornithophilous species.
However, I posited that flowers would eventually cease nectar secretion and therefore doubled
the experimental timeframe used by Luo et al. (2014), which motivated the research to test the
hypothesis explicitly. Additionally, I hypothesised that V. lucens nectar component levels
would fluctuate over the 24-hour experimental period, with the plant adjusting its sugar

balance to cope with increased nectar demand.

Chapter 3 — Regional Nectar Variation in New Zealand Trees Across Climate Zones

This study quantified variation in floral traits within eight species across coastal climate zones
in New Zealand. I hypothesised that nectar properties would vary among zones according to
local climate conditions. Specifically, I anticipated that nectar volumes would be highest in
regions with high humidity, given the hydrophilic nature of nectar. Additionally, I expected
nectar concentrations to peak in the driest regions, characterised by limited precipitation and
higher evaporation rates. Finally, I predicted that nectar sugar mass, flower fresh mass, and
flower size would be the greatest in regions with the highest sunshine hours that support more

productive photosynthesis, fostering plant growth and sugar production.
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Chapter 4 — Interspecific Nectar Variation in New Zealand Tree Species

In this experiment, I investigated interspecific variation in nectar traits across 50 New Zealand
tree species. The primary objective was to identify species-specific nectar traits, including
volume, concentration, and the specific chemical composition of solubles. I tested whether
closely related taxa exhibit similarities and whether visual floral signals, such as ‘colour’
(using photo software to calculate averaged HEX colour values) and flower size indicate the
presence of specific nectar traits appealing to the species’ preferred pollinator. I predicted that
floral traits would be phylogenetically conserved. Furthermore, I was interested in whether
nectar traits were related to easily measurable morphological floral traits, such as flower size

and fresh weight.
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2. Nectar Composition & Removal-Enhanced Nectar
Replenishment Response (RENR) in the Bird-
Pollinated New Zealand Tree Vitex [ucens Kirk
(Lamiaceae)

Abstract

This Removal-Enhanced Nectar Replenishment (RENR) study examined the nectar
composition of Vitex lucens Kirk (piiriri, Lamiaceae) in its warm natural habitat in Auckland,
New Zealand, and assessed whether the plant responds to frequent nectar removal with a
surplus (positive response), deficit (negative), or no change (neutral) in nectar production,
compared to flowers sampled only once at the end of the day (controls). I hypothesised that
the species would respond positively to frequent nectar removal, as bird pollination in other

species has previously been linked to enhanced nectar secretion.

To do this, I first measured the ecological standing crop of nectar (from unbagged flowers) at
sunrise by sampling 120 flowers across eight trees, then bagged flowers between subsequent
nectar collections. Half the flowers were drained every two hours after that, whereas the

remaining (controls) were drained only once in the late afternoon or at sunset.

To determine nectar replenishment amounts, their concentrations and carbohydrate
compositions, nectar samples were weighed and analysed via refractometer and
High-Performance Liquid Chromatography (HPLC). Data from two-hourly removed nectar
were compared against time and vapour pressure deficit (VPD) using generalised additive
mixed models (GAMM). I compared the cumulative amounts of nectar removed every two

hours against controls using t-tests or Wilcoxon tests.

Over a 10-hour winter day, nectar secretion never ceased. Two-hourly drained flowers
replenished 8.3 mg of nectar containing 6% solubles, comprising 83% monosaccharides, 14%
disaccharides, 3% oligosaccharides, and traces of 16 other components on average. V. lucens

flowers responded neutrally to frequent nectar removal: Cumulative nectar and sugar amounts
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of the 10-hour and the 7-hour replenishment experiments showed no significant differences
between frequently drained and control flowers (t- or Wilcoxon tests, all P > 0.05).

Interestingly, two-hour nectar refill volumes in frequently drained flowers exhibited a distinct
diurnal pattern, with peaks in the morning and again in the evening, and a midday decline.
VPD had a significant, negative cubic effect on most tested response variables (GAMM, P =
0.03 - 0.001; R*>0.12 - 0.36), but not nectar concentration, sucrose-to-hexose ratio, and total
sucrose, suggesting that the plant’s water status influences nectar secretion throughout the
day. In conclusion, the RENR response of the studied New Zealand bird-pollinated tree
species appears to be driven more by the plant’s water status than by the simulated increased
demand from potential pollinators. I had to reject my hypothesis that this bird-pollinated
species would exhibit a positive refill response. These findings suggest that the refill response
is not determined by the species’ pollination system, but rather reflects a species-specific

physiological trait.

My results emphasise the species-specific nature of nectar removal-response types in plants
and highlight the importance of monitoring environmental conditions while conducting
RENR experiments. It would be interesting for future studies to determine whether
phylogenetic relationships drive these species-specific nectar removal response types. Hence,

I suggest conducting future RENR studies on several closely related species simultaneously.
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2.1 Introduction

Nectar responds dynamically to the surrounding microenvironment, the time of the day and
its removal (Baker & Baker, 1983; Pleasants, 1983). Plants can respond to repeated nectar
removal with an overall surplus (positive response), deficit (negative response), or no change
(neutral) in nectar production, relative to the amount accumulated in unvisited flowers over
the same timeframe. Bird-pollinated species often elicit a positive replenishment response,
producing increasingly diluted nectar with every additional removal (Luo et al., 2014). Across
species of different pollination syndromes, positive responses were also observed by Torres
and Galetto (1998), Nicolson & Nepi (2005), Ornelas et al. (2007), Bobrowiec & Oliveira
(2012), and Amorim et al. (2013), negative responses by Galetto et al. (1994, 1997), McDade
& Weeks (2004), and Carlson (2007), and neutral responses by Luo et al. (2014) and Veiga
Blanco et al. (2013).

Most removal-enhanced nectar replenishment (RENR) experiments do not exceed monitoring
periods of more than six hours (Farkas et al., 2012; Luo et al., 2014), which does not capture
the natural activity periods of most pollinators (Corbet, 1978; Collins & Briffa, 1983; Algarni,
2014; Macias-Macias, 2016). For example, bees and bumblebees forage for 11-16 hours under
optimal conditions, with activity peaks before noon and late afternoon. Nectar-feeding birds
are active throughout most of the photoperiod, exhibiting activity peaks similar to those of
bees, as observed in the Australian brown honeyeater (Lichmera indistincta; Collins & Briffa,
1983). The lowered activity during the warmest and driest hours of the day, following solar
noon, could be driven either by the extreme microclimatic conditions or reduced nectar supply
during those periods. Nectar-feeding birds alter their foraging efforts in response to nectar
quantity and energy content (Gill & Wolf, 1977; Feinsinger & Colwell, 1978; Hainsworth &
Wolf, 1983), and insects like Bombus spp. (bumble bees; Rao et al., 2017) Apis mellifera
(honey bee) can remember the location and success rate of past foraging efforts and apply this

experience in future foraging flights (Reinhard et al., 2004; Luo et al., 2014).

It can be argued that the plant’s fitness may benefit from producing more dilute nectar under
frequent visitation, as sugar represents a more costly resource than water. Although the nectar
may be less concentrated, it may temporarily satiate birds but keep them ‘hungry and loyal’

and encouraged to return. Offering too much energy decreases pollinator movement between
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flowers, while too little leads to their abandoning a flower (Willmer & Stone, 2004).
Moreover, the plant may eventually reach a point where it can no longer invest water for

nectar production to balance tissue hydration (Patifio & Grace, 2002; Roddy, 2019).

The half-day RENR study by Luo et al. (2014) motivated me to apply their approach to a
bird-pollinated New Zealand species and go one step further by doubling the experimental
timeframe. For this, I chose the large pink-flowering piiriri tree (Vitex lucens Kirk, Lamiaceae,
Chapter 1 Figure 5 M), as it secretes ample nectar amounts and shows high resilience towards
handling, which I observed in preliminary studies. The tree bears flowers all year round but
peaks in July and August, secreting golden yellow nectar (de Lange, 2021), collected by birds
and (Petrie, 1905; Bergquist, 1987; Rasch & Craig, 1988; Anderson, 2003) potentially also by

bats.

I also aimed to investigate whether sucrose levels in V. /ucens nectar would be higher in
flowers sampled every two hours compared to control flowers sampled once after 7 or 10
hours. Sucrose in nectar is hydrolysed into equal parts fructose and glucose by the enzyme
cell wall invertase 4 (‘CWIN4’; Minami et al., 2021). Accordingly, I anticipated that nectar in
control flowers, having remained in the flower three to five times longer than in frequently

drained flowers, would exhibit reduced sucrose concentrations.
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Objectives and Hypotheses

1 had five aims:

i)

iii)

First (preliminary study), I calculated the average daily nectar production of Vitex
lucens flowers from various New Zealand regions to assess the plant's daily nectar

replenishment following a single removal event.

Second (Removal-Enhanced Nectar Replenishment ‘RENR’ study), I determined
whether frequent nectar removal from piriri flowers triggers a positive replenishment
response, as often observed in other ornithophilous species. The extended experimental
timeframe, simulating long-term high pollinator demand, also allowed me to test

whether nectar replenishment can cease.

Third, I evaluated whether V. lucens nectar contains components besides the common

three sugars, sucrose, fructose, and glucose.

Fourth, I determined whether any of the nectar components fluctuated in their

concentrations throughout the experimental day.

Fifth, 1 tested whether cumulative sucrose amounts of frequently-drained V. lucens
flowers were higher than in control flowers, as sucrose in the nectar of control flowers
has three to five times longer (controls: 6 - 10 hours, frequently-drained: 2 hours) to

hydrolyse into hexoses.
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2.2 Materials and Methods

2.2.1 Study Sites

Preliminary Study

To prepare for the Auckland-based RENR study and establish a baseline for average nectar
production of V. lucens at a national scale, I conducted a preliminary study in September and
October of 2019 and 2020. Nectar was sampled from 311 bagged (24 hours) puriri flowers

across 18 trees in seven coastal regions (see Table 1).

Table 1: Sampling sites across New Zealand’s North Island (Northland, Auckland, Hawke’s Bay, Taranaki, and
Wellington) and South Island (Nelson-Tasman & Marlborough, and West Coast), climate conditions
and sampling amounts from the preliminary study on flowers of 18 Vitex lucens trees, with MSH =
mean annual sunshine hours, MAT = mean annual air temperature, MAR = mean annual rainfall,

MRH = mean relative humidity.

REGION LATITUDE & CLIMATE ZONE MSH MAT MAR MRH TREES FLOWERS
LONGITUDE h/a C mm/a % n n

.|

Northland 35.0°S,173.5°E 1992 15.6 1392 85 3 50

Northern North Island

Auckland 36.8°S,174.7° E 2062 15.6 1119 81 2 25

Hawke’s Bay 39.5°S,176.8° E Eastern North Island 2265 14.6 786 71 2 26

Taranaki 39.0°8S, 174.0° E 2197 14.0 1683 85 3 52

- South-West North Island

Wellington 41.2°S,174.7° E 2110 12.8 1249 79 3 48

Nelson-Tasman & &} 7o 17350 | Northern South Island | 2472 12.7 959 82 3 60

Marlborough

West Coast 42.4°S,171.1°E Western South Island 1725 12.2 2425 85 2 50

Sampling sites covered six New Zealand (NZ) climate zones (35° - 42° South), ranging from
the subtropical Northland on NZ’s North Island to the temperate Otago on the southern end of
the South Island, and from the extremely wet South Island west coast to dry regions on the
east coasts of both islands. Across regions, annual sunshine hours (MSH) ranged between
1725 to 2472, mean air temperature (MAT) between 12.2 to 15.6°C, rainfall (MAR) between
786 to 2425 mm, relative humidity (MRH) between 71 - 85%, and a vapour pressure deficit
(VPD) between 0.21 - 0.48 kPa, with the Auckland region (also my RENR study site)
reaching a mean of 0.34 kPa (based on 30-year norms, 1981 - 2010, of each sample region,

NIWA, 2018).
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The Auckland samples (n = 2) were collected at 9 a.m. on the 10th of October 2020 after the
24-hour bagging period. The environmental conditions during this period comprised a mean
temperature of 16.8°C (15 - 19.9, range) and a mean RH of 86.6% (64 - 95, range)(Auckland
North Shore Electronic Weather Station, Number A64776, Agent 37852 - National Institute of
Water and Atmospheric Research, NIWA, 36.7482° S, 174.71377° E, elevation 64 m),
resulting in a mean VPD of 0.27 kPa (0.09 - 0.84, range).

Removal-Enhanced Nectar Replenishment (RENR) Study

For the RENR study, I sampled at two Auckland sites on two winter days (Site 1: 21st of
August 2020, Birkenhead Reserve, 36.793289° S, 174.723899° E; Site 2: 4th of September
2020, Wenderholm Forest, Upper Waiwera; 36.537362° S, 174.711391° E), about an hour
after sunrise until sunset (8 - 9 a.m. - 5 - 6 p.m.), when V. lucens trees were in peak flowering
season. Sites were selected to have neighbouring trees of similar size, flowering state and sun
exposure. RENR sites shared the same weather station (Auckland North Shore Electronic
Weather Station, Number A64776, Agent 37852 - National Institute of Water and
Atmospheric Research, NIWA, 36.7482 °S, 174.71377 °E, elevation 64 m). Across both sites,
the 10-hour experimental day (8 a.m. - 6 p.m.) showed a mean hourly temperature ranging
between 8.0 - 16.5°C, a mean hourly relative humidity of 54-94%, and a mean hourly VPD of
0.06 - 0.86 kPa (averaging 0.54 kPa), with their maxima around 3 p.m. Within the 24-hour
bagging period before the experiment, both sites combined showed a mean temperature of
8°C (1.6 - 13.7, range) and a mean RH of 76% (50 - 98, range).

To contextualise the VPD ranges that the sampled flowers experienced during the day, I
calculated daily (8 a.m. - 6 p.m.) extremes and means for the sites for 2020. Monthly
averaged daily extremes ranged from 0.05 to 1.65 kPa, and monthly averaged daily means

between 0.33 and 1.22 kPa.

2.2.2 Sampling

For the preliminary study, I scoped for piiriri trees that the public had sighted (iNaturalist,
2019). Visually fresh flowers in peak anthesis—the stage at which they are fully open and
reproductively active, typically marked by the exposure of stamens and/or pistils, pollen

release, or nectar secretion—were protected with synthetic organza bags to prevent pollinator
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access for 24 hours. Present nectar crops were not removed before bagging. Tree diameter at
breast height (DBH) was measured for each individual. I removed the bagged inflorescences
from the tree the following day and processed them a few hours later under field laboratory
conditions. I removed the nectar from two trees per site in Auckland, the West Coast,
Nelson-Tasman, and Napier, and three trees per site in Northland, Wellington and Taranaki.
For this study and the RENR study, cumulative nectar per refill period was pooled for each
tree (n = 18) into a pre-weighed 1.5 mL vial (Eppendorf, Germany), which was kept cool

during the experiment and frozen immediately afterwards.

For the RENR study, I selected and numbered ten flowers from four trees the day before each
experiment. On the morning of the experiment, I initially removed all standing nectar crops to
reset volumes to zero and bagged inflorescences afterwards and between each subsequent
drain. Standing nectar crops were weighed to serve as a baseline for comparison. Two trees
were resampled every two hours until sunset, summing up to five individual refill intervals
and respective nectar samples per tree. The other two trees (controls) were resampled only
once—after ~ 7 hours (morning to afternoon refill period) or ~ 10 hours (morning to sunset).
The 7-hour interval was chosen to assess whether the plant’s daily nectar production aligns
with typical pollinator activity patterns, which peak in the morning and again approximately
six to seven hours later in the afternoon, as noted earlier. This would indicate whether nectar
is sufficiently replenished by the afternoon to make a second visit worthwhile following a
morning depletion. The 10-hour interval corresponded to the photoperiod duration on the
experimental days. After the final nectar extraction, I removed the flowers from the

inflorescences, stored them in zip-lock bags, and weighed them later that night.

I repeated the experiment two weeks later at Site 2, using 20 flowers per tree (n = 80). Two
trees were resampled every two hours from morning until evening, yielding four refill
intervals and corresponding nectar samples per tree. The control trees were resampled only
once—after 7 hours (morning to afternoon refill period) and after approximately 8.5 hours
(morning to sunset), with the initial drain delayed to 9 a.m. due to the need to replace

previously marked flowers that had fallen off.

In total, I collected 26 nectar samples (Site 1: n = 14; Site 2: n = 12). For Site 2, values for the

fifth, non-measured refill interval were estimated based on proportional values observed at
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Site 1. Among the 26 samples, one vial contained no nectar, as all 20 sampled flowers from
that tree were empty during the 12—14-hour interval. Since the entire inflorescence, rather
than a single flower, was devoid of nectar during the early afternoon interval, yet resumed
secretion afterwards, I attributed the absence to the plant’s response to the experimental
treatment rather than to potential tissue damage caused by manual handling. Consequently, |
included these data by assigning a value of '0' to absolute variables (nectar, total sugar, and
component amounts) and an ‘NA’ value to relative variables like nectar concentration and

Baker’s ratio [sucrose:(fructose+glucose)].

2.2.3 Measurements

Nectar samples were weighed individually using a precision balance (MS 120, Mettler
Toledo, Switzerland; readability 0.001 g; accuracy + 1 mg), and nectar weight was calculated
by subtracting the weight of the corresponding empty vial. To calculate a mean nectar
concentration as % sugar (w/v), [ used a digital handheld pocket refractometer (Atago PAL-1,
Japan; readability 0.1° Brix ~ 0.1 % sugar, accuracy + 0.2%) to take three Brix measurements
per sample. I refrained from converting nectar weight into volume units to avoid introducing
slight inaccuracies based on the given value of inaccuracy of the refractometer. To determine
the mean fresh weight of a single flower, I first measured the total weight of the sampled 10 -
20 flowers per tree on the same balance and divided the value by the number of flowers
weighed. For the RENR study, I did not scale nectar data to the site’s average flower weight
(based on the 80 or 120 RENR flowers sampled) because linear regression analysis of
preliminary data revealed no correlation between a tree’s pooled nectar weight and its average
flower fresh weight across 18 V. lucens individuals (R* = 0.005, y = 5.19x107x + 23.7, n =
18).

I used High-Performance Liquid Chromatography (HPLC) to separate nectar carbohydrate
compounds. Nectar solutions (50 - 200 uL) were transferred into 0.3 mL clear PP short screw
micro-vials (9 mm thread, 11.6*32 mm with inserts from interlab.co.nz, NZ) and loaded into a
cooled (10 £ 5°C) Alliance Waters WAT034282 autosampler. The Alliance system was
operated at a high limit pressure of 4000 PSI, an operating pressure of ~ 250 PSI, and a flow
rate of 0.4 mL/min. Separation was performed using the Shodex KS-801 sugar column (8.0 x

300 mm), the Shodex KS-G HPLC guard column (7 pm, 6 x 50 mm), and the PDA 410
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(Waters). The columns were heated to 65°C, and the internal temperature detector (RI) to
40°C. HPLC grade water (type 1), prepared from a Barnstead E-Pure Water System (18.2 MQ
cm) and purified in situ, was used as the mobile phase and wet prime solvent. The Alliance
system needle was washed with 5% MeOH (methanol 100%, HPLC grade) after each sample

run of 35 minutes and reloaded with an injection volume of 10 pL.

To monitor and rinse the system, I intermittently injected samples of a standard solution
containing the three most common nectar sugar types (sucrose, fructose, glucose) and purified
water using Empower 3 software (Waters). The software automatically calculated peak areas
and retention times (RT). I matched the 22 detected components against standard solutions of
21 common sugar types (90 - 829 g/mol) based on RT to identify them.

For this, I prepared stock solutions for sucrose, fructose, glucose, beta-cyclodextrin
(cyclo-heptaamylose; purity > 98%), maltose (grade 1, pur. > 97%), alpha-lactose
(monohydrate, beta-anomer content 2.6%), D-mannose, myoinositol, D-galactose (pur. >
97%), xylose (pur. > 99.0 % ), L-rhamnose monohydrate, D(-)-ribose, stachyose hydrate
(purity > 98%) (purchased from SIGMA-ALDRICH CO., USA); cellobiose, L(+)-arabinose,
L(-)-sorbose, sorbitol (purchased from BDH Chemicals Ltd Poole England); D(+)-mannitol
(Riedel-de Haen AG, Germany); D(+)-melezitose (SIGMA Chemie GmbH, Germany);
raffinose (Chelsea sugar factory, NZ), and verbascose (pur. > 95%, purchased from

Megazyme, USA).

For fructose and glucose, 2500 mg of each sugar was dissolved in a 50-mL volumetric flask
containing 50 mL type 1 water, resulting in a stock solution of 50 mg/mL, which was then
further diluted by 1:1 to obtain three additional solutions with concentrations of 25, 12.5, and
6.25 mg/mL. I repeated this method with 300 mg of sucrose to obtain 6, 3, 1.5, and 0.75
mg/mL solutions. For all other sugar types, 400 mg of each was dissolved in an 8-mL
volumetric flask containing 4 mL type 1 water to obtain stock solutions of 100 mg/mL, which
I further diluted to 50, 25, and 5 mg/mL per sugar type. I considered components elementary
to puriri’s nectar composition when they occurred in at least 50% of the 18 analysed samples.
Ten of the 22 detected components met this criterion. For this publication, I focused on the six

most abundant components, which exceeded concentrations above 0.5%.
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I calibrated detected peak areas using calibration curves to determine the most accurate
amount of each of the chosen six components within my nectar samples. These were
constructed by plotting the concentration of the analytes (x) against the peak areas of the

analytes () by linear regression analysis (see Table 2).

Table 2: Regression equations for nectar components for component calibration (based on n = 4 standard
solutions per component; Regression equations of the two unknown compounds, the Oligosaccharide
and Unknown 5, are estimates based on applying a response factor ratio commonly used to determine

unknown compounds).

SUGARTYPE  STANDARD CALIBRATION RANGE  REGRESSION EQUATION, R?
SOLUTIONS (mg/mL) with y =

Oligosaccharide - - 1.7E+06x% - 746164 -
Melezitose 4 5-100 1.77E+06x - 50032 1
Sucrose 4 1.7-6.1 1.65E+06*x + 19064 1
Glucose 4 6.4 -48.1 1.67E+06*x + 4810 1
Unknown 5 - - 1.67E+06x + 34130 -
Fructose 4 6.7-48.2 1.65E+06*x + 45596 1

I had to use another approach to calibrate the two unknown components. This involved
comparing the peak area or height of the unknown compound to that of a known compound
with similar properties already being analysed and for which the concentration is known. The
ratio of the unknown compound's peak area or height to that of a known compound is called
the ‘response factor’. The response factor can then be used to estimate the concentration of
the unknown compound. Finally, I used the calibrated component amounts to determine their
concentrations. After assessing a discrepancy of 3.3% between the calculated (HPLC) and
measured (refractometer) nectar concentration values, I continued using the calculated values

in all analyses.

2.2.4 Statistical Analysis

For the preliminary study, I used linear regression to detect dependencies between floral traits,
nectar and tree diameter (Table 3). For the RENR study, I tested my response variables,
including nectar, total sugar, fructose (F), glucose (G), sucrose (S), melezitose (M),
oligosaccharides (O), and Unknown 5 (U5) mass, nectar concentration, and Baker’s ratio

[S:(F+G)], for normality with Shapiro-Wilk tests and histograms. Differences between
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treatment groups and study sites of normally distributed data were tested with parametric tests
(t-tests, One-Way ANOVA) and non-normally distributed data with non-parametric tests
(Wilcoxon tests; Kruskal-Wallis tests, see Table 6).

For the RENR study, to identify to what degree the time of the day and VPD explained
variance in my response variables, I used a generalised additive mixed modelling (GAMM)
approach with the R packages 'mgcv', 'statmod', 'dplyr', and 'tweedie.! The Tweedie
distribution is a flexible statistical distribution that can model data with a mixture of
continuous and discrete outcomes, making it particularly suitable for nectar parameter
analysis where the data may include a large proportion of zeros (e.g., no nectar production)
and continuous positive values (e.g., varying amounts of nectar production). This distribution
allows for the modelling of the mean and variance of nectar traits as functions of predictors
while accommodating the skewed nature of nectar data. I applied the 'log' link function to
transform my poisson- or gamma-distributed data and three knots to smooth the predictors
'time' and 'VPD' to avoid overfitting based on my small dataset. I pooled data across my two
study sites as there were no significant differences in amounts of frequently sampled nectar
between sites (Wilcoxon test, W = 44, P = 0.68) or sugar (t-test, t = 5.9157, DF =19, P <
0.001, see Table 6). I defined individual trees as replicates that fit GAMMSs without specifying
a random term and tested their fit visually using Q-Q plots. I conducted all statistical analyses

using R versions 3.6.1 - 4.3.1 (R Team, 2020 - 23).
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2.3 Results

2.3.1 Preliminary Study

On average, piriri flowers measured 28 mm in length and weighed 0.4 g (see Table 3 for
standard deviation and ranges). This fresh weight included an average of 26 pL of nectar, with
a soluble’s concentration of 18% (w/v), equivalent to approximately 4.7 mg of solubles.

Hence, each flower contained around 6.3% nectar by weight.

Table 3: Floral traits [mean and standard deviation (SD), range, n] of V. lucens trees (n = 18), with DBH = tree
diameter at breast height; Baker’s ratio = [sucrose : (fructose+glucose)]; SFG fraction = percentage of

the total nectar solubles content represented by the sum of sucrose (S), fructose (F), and glucose (G).

NECTAR CON- FLOWER FLOWER NECTAR DBH BAKER’S SFG-

CENTRATION LENGTH WEIGHT VOLUME RATIO FRACTION
(%) (mm) (8) (uL) (cm) (%)
mean + SD 19+8 28 +4 0.37+0.1 26+7 88+£85 0.2+0.2 94 +9
range 9-36 16 - 38 0.24 -0.56 17 -39 5-300 0.01-0.66 60 - 98
n 18 batches 289 flowers 18 batches 18 batches 18 trees 18 batches 18 batches
of of of of of
17 flowers 24 flowers 17 flowers 17 flowers 17 flowers

Linear regression analysis revealed significant (P < 0.05) negative relationships between
nectar concentration and flower length (R*= 0.386) and flower weight (R*= 0.21, see Table 4
and Figure 1), not considering the potential influence of site effects. Hence, smaller and
lighter flowers contained more viscous nectar. Other tested pairs of floral traits were

non-significant (R*< 0.06, see Table 4).

Table 4: Linear regression equations for relationships between floral traits (» = 311 flowers) from 18
individuals of ¥ lucens sampled from seven populations around New Zealand, with bold R>-values

denoting statistical significance, P < 0.05.

REGRESSION EQUATIONS R?
Flower Flower Nectar DBH Flower Flower Nectar DBH
Lengths Weight Volume Lengths Weight Volume
Nectar -1.37*x+57.6 -46*x+35.7 -0.0328*x+19.5 7.59E-03*x+17.6 0.386* 0.276* 0.001 0.005
Concentration
Nectar 0.401*x+14.2  5.19E-03*x+23.7 - -2.48E-03*x+25.9  0.050 0.005 - 0.001
Volume
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Figure 1: Linear regression graphs showing correlations between floral and tree traits, with only flower length
(R?= 0.386) and weight (R*= 0.21) showing statistically significant correlations with nectar volume

and concentration (others: R*< 0.06).

Nectar Composition

I identified 22 components (see Table 5), with molecular weights ranging from 90 to >830
g/mol, eluting between 9 and 34.5 minutes. Sugars accounted for approximately 99.1% of the
composition, while non-carbohydrates contributed 0.9%. Piriri nectar predominantly
comprises the common nectar sugars: sucrose (S), glucose (G), and fructose (F) (often
referred to as the ‘SFG-fraction’), constituting 94% of solubles. The Baker’s ratio (S/[F+G],
after Baker and Baker, 1983) averages 0.2. Notably, fructose and glucose comprise 82% (~
3.8 mg) of all solubles, defining piriri’s nectar as fructose-glucose dominant. Among the
identified carbohydrates were three oligosaccharides (verbascose, raffinose and melezitose
(M)), two disaccharides (sucrose and maltose), and four monosaccharides (glucose, fructose,

arabinose, and dihydroxyacetone, DHA).

Additionally, V. lucens nectar contained 13 unidentified components, designated sequentially
based on their HPLC retention time (RT), e.g., ‘Unknown 1’ or ‘U1’. Among them, six are
likely oligosaccharides (UO - 4), one is a monosaccharide (U6.5), and two components are
potentially amino acids (U6 & 7). Notably, U5 (RT = 20.1 min) eluted between maltose (18.9

min) and glucose (22.4) and closest to my lactose standard (19.2 min), suggesting it might be
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a disaccharide, such as trehalose (standard not tested), found in the nectar of other plants (e.g.
Aksi¢ et al., 2015). Alternatively, it might be a secondary metabolite, such as the alkaloid
matrine (248 g/mol) found in plant tissues and floral nectar across various angiosperm
families (Adler, 2000; McDougal et al., 2015). The classification of the remaining three
components (U5.5, US5.75, and US8) could not be determined.

Table 5: V. lucens nectar components identified via HPLC and their chemical traits, with RT = retention time of
component elution, MW = molecular weight, RENR study = components with > 0.5% (bold),

Standard = mean RT of component matched with RT of sugar type standard.

COMPO- CON- RENR RT MW CARBO- COMPONENT CHEMICAL VERIFIED
NENT CENTRA- STUDY HYDRATE FORMULA
TION

(% of solubles) (>0.5%) (min) (~ g/mol) by
Unknown 0 0.010 9.0 >829 - Oligosaccharide? C30 + -
Unknown 0.5 0.010 11.0 >829 - Oligosaccharide? C30 + -
Unknown 1 0.020 12.0 >829 - Oligosaccharide? C30 + -
Unknown 2 0.110 13.3 >829 - Oligosaccharide? C30 + -
Unknown 3 1.600 X 14.0 >829 - Oligosaccharide? C30 + -
Unknown 4 0.270 15.1 >829 - Oligosaccharide? C30+ -
Verbascose 0.005 157 828 X Pentasaccharide C30H52026 Standard
Raffinose 0.060 16.2 504 X Trisaccharide C18H32016 Standard
Melezitose 0.570 X 17.1 504 X Trisaccharide C18H32016 Standard
Sucrose 13.760 X 18.7 342 X Disaccharide C12H22011 Standard
Maltose 0.030 18.9 342 X Disaccharide C12H22011 Standard
Unknown 5 1.290 X 201 180-342 - Saccharide or C6-C12 -

Alkaloid

Glucose 41.290 X 224 180 X Monosaccharide C6H1206 Standard
Fructose 40.520 X 24.0 180 X Monosaccharide C6H1206 Standard
Arabinose 0.170 25.5 150 X Monosaccharide CSH1005 Standard
Unknown 5.5 0.020 26.5 90-150 - - - -
Unknown 5.75 0.200 274 90-150 - - - -
Unknown 6 0.020 292 90-150 - Amino Acid (GLU)  C5H10N203 -
Unknown 6.5 0.040 30.5 90-150 - Monosaccharide? C4H804 -
Unknown 7 0.010 31,5 90-150 - Amino Acid C3H7NO3 -
DHA 0.010 33.0 90 X Monosaccharide C3H603 Standard
Unknown 8 0.001 345 90 - - - -
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2.3.2 RENR Study

In the primary RENR study, I focused on analysing the six major components that constituted
99% of the solubles due to their concentrations exceeding 0.5%: S, F, G, M, U3, and U5 (see
Table 5). In comparison to the retention time (15.7 min) of my largest available sugar
molecule, the pentasaccharide verbascose (~ 829 g/mol M.W.), the component U3 eluted
earlier (14 min), suggesting it might be an oligosaccharide. Therefore, I refer to U3 as
‘oligosaccharide’ or ‘O’ hereafter. The identity of U5 remains uncertain based on the 21
tested sugar standards; as a result, I have retained the initial identification name but classified

it as a disaccharide for this publication.

Standing Crop

The flowers of my RENR study had a mean fresh weight of 335 £ 75 mg (nectar removed,
Ngowers = 120, Nyeee = 8), @ nectar standing crop (unbagged) of 29 + 16 pL containing 17 + 7%
of solubles (~ 6 mg). The weight of an unsampled flower (362 + 80 mg) contained ~ 7.5% of
nectar on average. The solubles comprised about 76% of monosaccharides (F & G), 21.8% of
disaccharides (S & US5), and 1.8% of oligosaccharides (M & O). In particular, F and G
accounted for 38% each, S for 19, U5 for 2.8, O for 1.5, and M for 0.3% on average. The
‘SFG-fraction’ clearly dominated the soluble composition with a mean concentration of 95%
and a Baker’s ratio of 0.27 + 0.20. The nectar properties of the standing crop samples fell

within the value range I previously observed for piiriri flowers in my preliminary study.

Cumulative Nectar Replenishment

During the 10-hour refill experiment, frequently sampled trees (n = 4) accumulated 8.8 + 2 uL
of nectar, containing 1.3 = 0.6 mg of sugar based on a concentration of 14 + 4% on average.
The sugar composition included approximately 45% G (505 pg) , 41% F (468 ng), 12% S
(153 pg), 1.8% O (20 pg), 0.6% US (6 pg; present in n = 2), and 0.2% M (3 pg), resulting in a
mean Baker’s ratio of 0.12 £ 0.20. Consequently, monosaccharides accounted for about 86%,
disaccharides for 12.6%, and oligosaccharides for 2% of the soluble fraction. The change in
Baker’s ratio between the standing crop and frequently sampled flowers reflects the lower

sucrose content in frequently sampled nectar, with sucrose amounts decreasing over
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time—from an initial morning drain ratio of 1:5.5 [S:(F+G)], to 1:8.9 in the late afternoon,
followed by a slight increase to 1:6.6 during the final refill period.

Control trees sampled once after 10 hours (n = 4) secreted 11.5 pL of nectar containing 1.6
mg of sugar, with an average concentration of 14.5%. The soluble fraction consisted of 41%
G, 39% F, 18% S, 1.4% O, 0.7% U5 (present in n = 3), and 0.3% M, resulting in a mean
Baker’s ratio of 0.23 + 0.05. Monosaccharides constituted about 80%, disaccharides 18.7%,
and oligosaccharides 1.7%.

During the 7-hour refill period, when flowers replenished nectar from early morning to
mid-afternoon hours when VPD-values peaked, frequently drained trees produced 6.1 + 1.2
mg nectar comprising 0.9 = 0.3 mg sugar (n = 4). Control flowers produced 7.7 = 1.6 mg
nectar with 1.5 + 0.8 mg sugar (n = 4).

Cumulative nectar and sugar amounts of the 10-hour and the 7-hour replenishment
experiments showed no significant differences between frequently drained and control

flowers (t- or Wilcoxon tests, all P> 0.05; see Table 6; Figure 2).
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Figure 2:
Cumulative nectar properties showed
no significant differences between my
treatment groups of 2-hourly sampled
trees and trees that were sampled only
once after 7 hours or 10 hours (P >
0.05), with > Mono = total mono-
saccharides, Y Di =

> Oligo =

total
disaccharides, total
oligosaccharides, > SGF = summed
of sucrose, and

Baker’s

amounts glucose,

fructose, ratio =

sucrose/(fructose + glucose).
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Table 6: Statistical parameters of t- (test type ‘t”) and Wilcoxon (test type “W’) tests comparing mean sums of

frequently [2-hourly; mean (frequent)] and one-time-only [mean (once)] sampled flowers, with each

group n =4.
Shapiro Mean Mean CI CI Test t-orw DF P
P (frequent) (once) Lower Upper Type Value
Refill 10 hours
Nectar 0.2 0.9 1.5 -1.8 0.6 t -1.4 4 0.2
Sugar 0.3 8.3 11.1 -6.4 0.8 t -1.9 5 0.1
Brix 0.1 15.4 14.5 -8.1 9.9 t 0.3 5 0.8
G 0.8 0.6 0.7 -0.5 0.3 t -0.5 6 0.6
F 0.7 0.5 0.6 -0.5 0.3 t -0.6 6 0.6
S 0.4 0.2 0.3 -0.4 0.2 t -1.2 6 0.3
(0] 0.6 0.02 0.02 -0.02 0.02 t -0.05 5 1
Us 0.02 - - - - W 6 0.7
M 0.1 0.003 0.01 -0.01 0.004 t -0.9 5 0.4
> Monosaccharides 0.8 1.1 1.3 -1.0 0.6 t -0.6 6 0.6
> Disaccharides 0.3 0.2 0.3 -0.5 0.2 t -1.2 6 0.3
> Oligosaccharides 0.5 0.03 0.03 -0.03 0.02 t -0.3 5 0.8
> SFG 0.6 1.2 1.6 -1.5 0.8 t -0.7 6 0.5
Baker's Ratio 0.4 0.13 0.23 -0.3 0.0 t 1.8 5 0.1
Refill 7 hours
Nectar 0.3 6.1 7.7 -4.2 0.9 t -1.6 6 0.2
Sugar 0.1 0.9 1.5 -1.8 0.6 t -1.4 4 0.2
Brix 0.1 15.2 19.8 -21 11.7 t -0.7 5 0.5
G 0.2 0.4 0.6 -0.6 0.2 t -1.3 4 0.3
F 0.2 0.4 0.6 -0.6 0.2 t -1.4 4 0.2
S 0.7 0.1 0.3 -0.4 0.1 t -1.5 6 0.2
(0] 0.2 0.02 0.02 -0.03 0.02 t -0.7 4 0.5
uUs 0.01 - - - - w 5 0.5
M 0.1 0.002 0.005 -0.01 0.003 t -1.5 4 0.2
> Monosaccharides 0.2 0.8 1.2 -1.3 0.4 t -1.4 4 0.2
> Disaccharides 0.7 0.1 0.3 -0.4 0.1 t -1.5 5 0.2
> Oligosaccharides 0.1 0.02 0.03 0.0 0.0 t -0.9 4 0.4
> SFG 0.1 0.9 1.4 -1.6 0.5 t -1.4 4 0.2
Baker's Ratio 0.1 0.15 0.23 -0.3 0.1 t -1.3 4 0.3
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2. Nectar Composition & Neutral Replenishment Response in Vitex lucens

Frequent Nectar Replenishment

During each 2-hour refill interval (yees = 8, nectar = 20, Hingervais = J, refill time = 8 a.m. - 6
p.m., refill period = 10 h), each flower replenished between 0.8 - 3.7 puL of nectar and 0.1 -
0.5 mg of sugar on average, including one empty nectar sample. Nectar concentrations (7,
= 19) ranged between 12 - 15% (see Table 7). The SFG fraction comprised 96 - 98% of total
solubles per refill interval. Nectar, total sugar, individual component amounts, and the Baker’s
ratio peaked in the first refill interval (8 - 10 h). This early morning production accounted for
42% of nectar, 38% of sugar, and 41 + 4% of each component’s total refill production (see

Figure 3).

Bl- paviLiGHT -
|% EXPERIMENT —

6 8 10 12 14 16 18

> h
INTERVAL| 1 2 | 3|4]|5 TOTAL
G 212|169 | 51 | 77 | 95 505 pg
42 |14 | 10 | 15 | 19 | % of total
F 200| 63 | 45 | 74 | 85 468 ug
43 | 13 | 10 | 16 | 18 | % of total
s 74 |21 | 14 | 17 | 27 153 pg
48 |14 | 9 | 11 | 18 | % of total
o 9 (3] 2|3 |3 20 pg
43 |16 | 9 | 16 | 16 | % of total
U5 2 |07]00([1.4 (1.96 6 ug
33 11| 0 | 23 | 33 | % of total
M 11104 |0.2|05|06 3 g
39 |14 | 8 |18 | 21 | % of total
HECTAR 3513|008 (1116 8.3 mg
42 |16 | 10 | 13 | 19 | % of total
SUEHH 05(02|01(02|03 1.3 mg
38 |15 | 8 | 15 | 23 | % of total
BRIX 14 |12 (15 |14 |12 | %
SGF 98 | 96 | 98 | 97 | 97 | % of sugar
BAKER'S |0.170.11|0.15|0.09|0.12| [S\(F + G)]

vPD [0.5 [07 08 06 [ 0.5] kPa

Figure 3: Heatmap showing individual mean measurements of nectar properties (continuous colour scale from
white to golden yellow, with highest values golden yellow) and vapour pressure deficit (VPD) values
(white to red, with highest values red), with Nectar = nectar mass, Sugar = sugar mass, Brix = nectar
concentration (1% ~ 1° Brix), ‘SGF’ = relative abundance of sucrose, glucose and fructose within

total sugar, Baker’s = unitless ratio of sucrose to fructose and glucose.
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The third refill interval (12 - 14 h) which exhibited the lowest secretion rates, averaging only
8% of the daily component and sugar and 10% of the total nectar production. Surprisingly, the
last refill interval showed an unexpected rise in production, comprising about a fifth of the
total day production. Nectar exhibited its highest mean concentration (Brix) in the early
afternoon (12 - 14 h) and its lowest before noon (10 - 12 h). Nectar volume varied
significantly between refill intervals (Kruskal-Wallis, P = 0.026), with a notable difference
between 8 - 10 a.m. and 12 - 2 p.m. (Dunn’s test with Bonferroni correction: Z = 3.09, P =
0.01). In contrast, no other nectar traits showed significant variation across intervals: one-way
ANOVAs for normally distributed variables yielded F-values of 0.21 - 3.72 (P =0.07 - 0.65),
and Kruskal-Wallis tests for non-normally distributed traits (‘Baker’s’, ‘S’, and ‘U5’) returned
P-values between 0.62 and 0.84.

Caption for Table 7 on the next page:

Table 7: Environmental conditions and nectar properties of samples. The standing crop was removed at 8 a.m.
on the day of the experiment. The elapsed time since the flowers were presumably fully depleted by
pollinators was estimated by dividing the initial standing crop (~ 27 mg) by the species’ standard
nectar production rate (~ 1 mg/hour). Nectar volumes for standing crop samples were calculated using
a mean specific density of 1.055 g/L (**). Simplified data represents 10-hour nectar replenishment,
averaging control flower data over 10 and 7 hours, with 7-hour data extrapolated to 10 hours. Data for
frequently drained flowers was averaged over 10-hour (from five 2-hour intervals) and 8-hour (from

four 2-hour intervals) periods, with 8-hour data similarly extrapolated to 10 hours.
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2. Nectar Composition & Neutral Replenishment Response in Vitex lucens

Modelling

For the GAMM models, the predictor 'time' resulted in a significant cubic polynomial (see

Figure 4) for five of my response variables, with minima occurring in the early afternoon (P <

0.001 - 0.05; R*> 0.2 - 0.9; see Table 8).

Table 8:

Parameters of the generalised additive mixed models (GAMMs) for the tested nectar traits, employing
a '"Tweedie' distribution, with Nectar = nectar amount, Sugar = sugar amount, Conc. = nectar
concentration, F = fructose, G = glucose, S = sucrose, M = melezitose, O = oligosaccharide, U5 =

unknown 5. [The Tweedie distribution is a flexible statistical distribution that can model data with a mixture of continuous

and discrete outcomes, making it particularly suitable for nectar parameter analysis where the data may include a large
proportion of zeros (e.g., no nectar production) and continuous positive values (e.g., varying amounts of nectar production).
This distribution allows for the modelling of the mean and variance of nectar traits as functions of predictors while

accommodating the skewed nature of nectar data.]

NECTAR  SUGAR CONC. F G S M 0o Us BAKER'S
n 20 20 19 20 20 20 20 20 10 20
TIME
Tweedie 1.0 1.4 2.0 1.3 1.3 1.8 1.7 1.2 1.1 1.5
Estimate 04 -1.5 2.7 4.5 4.6 33 -0.6 1.4 0.8 2.2
Standard Error 0.1 0.1 0.1 0.1 0.1 0.3 0.2 0.1 0.4 0.2
t 4 -12 26 38 40 12 -2 13 2 -10
df 2.0 1.9 1.0 1.9 1.9 1.7 1.8 2.0 1.7 1.0
F 21 10 0 11 11 3 2 12 1 1
P ek R n.s. R e n.s. n.s e n.s n.s.
R? 0.71 0.52 -0.05 0.56 0.57 0.17 0.08 0.59 0.07 0.01
Scale Estimate 0.2 0.1 0.2 5.3 5.8 2.7 0.9 0.7 2.4 0.3
VPD
Tweedie 1.0 1.3 2.0 1.2 1.2 1.8 1.7 1.2 1.4 1.5
Estimate 0.4 -1.5 2.7 4.5 4.6 34 -0.6 1.4 0.5 2.2
Standard Error 0.1 0.1 0.1 0.1 0.1 0.3 0.2 0.1 0.4 0.2
t 4 -11 26 36 37 12 -3 11 1 -10
Pr(>|t|) sksk sk skkesk sk skskk skskk £ skskk n.s. skksk
df 1.6 14 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
F 15 12 0 14 13 3 5 12 6 0
P o o n.s. o w¥ n.s. * w¥ * n.s.
R? 0.53 0.45 -0.05 0.42 0.41 0.07 0.11 0.37 0.18 -0.05
Scale Estimate 0.3 0.1 0.2 9.4 9.8 2.9 0.8 0.9 1.7 0.3

However, 'time' was not a significant smoothing term for the other five response variables

(‘concentration', 'Baker’s ratio', sucrose, melezitose, and US5). In my fitted GAMM models,

VPD had a significant, negative cubic effect on seven response variables, but not

'concentration', 'Baker’s ratio', and sucrose (P = 0.03 - 0.001; R* > 0.12 - 0.36). Consequently,

plriri secretes less nectar and sugar during the hotter and drier hours of the day. The

non-significant responses observed for sucrose, melezitose, and U5 with the predictors are

likely due to the small sample size.
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Figure 4: Fitted generalised additive mixed models (GAMMs) of nectar variables against the predictors ‘time’

and ‘vapour pressure deficit’ (VPD). Red asterisks indicate significance, with “*’ for P < 0.05, “**’

for P <0.01, and “***’ for P <0.001.
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2. Nectar Composition & Neutral Replenishment Response in Vitex lucens

2.4 Discussion

2.4.1 Cumulative Nectar Replenishment

My experiments with V. lucens revealed a neutral replenishment response to frequent
removal. Frequently drained flowers produced nectar of comparable quantity and quality to
those that were drained only once (controls). Contrary to my hypothesis, frequently drained
flowers did not exhibit significantly higher sucrose levels—and thus no increase in Baker’s
ratio—compared to controls. I had expected elevated sucrose levels, as the newly produced
nectar in frequently drained flowers had only a fifth of the time to hydrolyse into equal parts

fructose and glucose, compared to controls which had a full ten hours of refill time.

Luo et al. (2014) suggested that removal-enhanced replenishment of nectar is more likely to
be observed in flower species adapted to large insect visitors. Nine out of eleven species in
their study responded positively to frequent nectar removal, with 77% of these being
primarily insect-pollinated. Species attracting birds and bees displayed positive RENR,
although lower than those in exclusively insect-pollinated species. Only Castilleja linarifolia
(Orobanchaceae) showed a strongly positive RENR among exclusively bird-pollinated
species. In contrast, Ipomopsis aggregata (Polemoniaceae) and Aquilegia elegantula
(Ranunculaceae) exhibited a neutral RENR response, aligning with previous studies

(Pleasants, 1983) and my findings for Vitex lucens (see Figure 5).

Nectar pL

1 I T | 1 1 I I
0 1 2 3 4 5 0 1 2 3 4 5 6 7 8 9 10
Refill Time in Hours

Figure 5: Nectar removal-response types in bird-pollinated species: a) positive in Castilleja linarifolia, b)
neutral in [pomopsis aggregata (a & b - redrawn figures from Luo et al., 2014), ¢) neutral in Vitex
lucens, solid lines = RENR, dashed lines = controls.
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2. Nectar Composition & Neutral Replenishment Response in Vitex lucens

However, since bird-pollinated species can also exhibit negative (e.g., Gill, 1988;
Bernardello et al., 1994; Rivera et al., 1996; McDade & Weeks, 2004; Carlson, 2007) and
positive responses (e.g. Lara & Ornelas, 2001; Nicolson & Nepi, 2005; Ordano & Ornelas,
2005; Luo et al., 2014), pollinator guilds cannot easily be correlated with a specific
removal-response type. I endorse Luo et al's suggestion to explore removal-response
patterns across diverse plant lineages, incorporating within-lineage variations. Including
lineages with bird- and insect-adapted flowers could be most profitable, making it an

interesting phylogenetically constrained study.

2.4.2 Frequent Nectar Replenishment

I identified a negative correlation between vapour pressure deficit (VPD) and nectar
replenishment amounts of Vitex lucens flowers throughout the day, confirming the findings
of Fairhurst et al. (2021). Both nectar volume and sugar amounts correlated with VPD. In
particular, nectar secretion peaked in the mornings and evenings and troughed during the
driest time of the day around 3 p.m., with ten flowers of one particular inflorescence ceasing
secretion completely. Interestingly, the early morning nectar production was significantly
higher than all other intervals. With decreasing VPD in the late afternoon, flowers resumed
production. However, mean nectar concentrations remained stable, suggesting that high
VPD conditions inhibited the entire nectar secretion mechanism instead of causing increased
viscosity due to reduced water movement into nectar, or increased water loss through

evaporation, as I initially assumed during fieldwork.

Numerous studies have documented diurnal changes in nectar volume across various plant
species (Collins & Clow, 1978; Ford, 1979; Ford & Pursey, 1982; Paton, 1982; Collins &
Newland, 1986). Typically, nectar volume peaks at dawn and is rapidly depleted over the
next few hours, reaching low or negligible levels that persist throughout the day. Despite my
flowers exhibiting higher nectar secretion rates during the cooler evening hours, my results

were consistent with this pattern.

Furthermore, sampling my specimens during two winter days exposed them to the lower end
of the VPD spectrum (with a 10-hour mean of 0.54 kPa) recorded throughout the year

(ranging from 0.33 to 1.22 kPa). Vitex lucens’ peak flowering is in winter when VPD is
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lowest and nectar production is potentially greater. For year-round flowering species like V.
lucens, studying nectar properties throughout the year would be valuable for determining

how climate and flowering intensity relate to individual flower nectar properties.

Effect of Shoot Water Relations

One possible explanation for reduced nectar secretion in drier conditions is the impact of
VPD on shoot water relations and exudation mechanisms. Assuming the flowers are
hydraulically (xylem) connected to the shoots, the main driver of variation in shoot (and
flower) water potential will be leaf transpiration, as they have a much larger surface area
than flowers. Eccrine nectar secretion is hypothesised to involve the diffusion of sucrose
through the SWEET9 uniporter into the apoplastic space (Minami et al., 2021). Hydrolysis
by invertases will double the osmotic effect of this accumulation of extracellular solute,
causing water to also move into the space, possibly facilitated by aquaporin proteins,
resulting in nectar 'secretion'. If shoot water potential decreases significantly during the day,
the diffusive movement of water may be slowed down, potentially also slowing the
accumulation of nectar in the apoplastic space, the volume flux of nectar to the cuticle
surface, and the entire secretion process, including the movement of sugars (Lin et al.,

2014). The role of tissue-water relations in nectar secretion has not been described.

Although flowers contribute minimally to carbon assimilation and have a shorter lifespan
(days to weeks) compared to leaves (weeks to months), they can transpire significant
amounts of water (Roddy & Dawson, 2011; Teixido & Valladares, 2014). A consistent water
supply is crucial throughout various stages of floral development, including bud expansion,
flower opening, nectar production, and the maintenance of turgor in floral organs (Mohan
Ram & Rao, 1984; Patino & Grace, 2002; Tsukaguchi et al., 2003; van Doorn & van
Meeteren, 2003; Galen, 2005).

Puriri flowers might have higher cuticle leakiness than their thick, glossy leaves, suggesting
low resilience against dehydration. Hence, uncontrolled water loss from potentially leaky
flowers could enhance diurnal reductions in flower water potential, showing that water stress
can reduce nectar volume (Bourbia et al., 2020; Kuppler & Kotowska, 2021). Since

measuring flower water potential was not within the scope of this study, I lack information
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on how piriri flowers manage water loss. Under drought stress, piiriri flowers might redirect
nectar-designated water to regulate temperature, protecting their sexual organs from thermal
damage and potentially affecting fertilisation and seed development (Patino & Grace, 2002;
Roddy, 2019). To confirm this, data on the species' hydraulic anatomy, specifically whether
these long-lived flowers (4 days to weeks after Primack, 1985) are supplied by xylem, is
essential. However, a recent study by Zhang et al. (2017) suggests that the xylem primarily

supplies long-lived flowers, enabling them to maintain their water status more effectively.

Additional research is needed to generalise this observed trend where long-lived flowers are
xylem-supplied while short-lived ones rely on the phloem. Floral longevity also increases

with decreasing temperature, but not flower size (Song et al., 2022).

Plant-Pollinator Relations

The rapid morning refill suggests a consequence of the effect of shoot water relations on the
nectar secretion process. It could be argued that the pollinators have adapted to forage at
dawn and dusk because nectar flow is more favourable. After being depleted at sunset, a
solitary flower replenishes approximately 14 pL of nectar overnight, containing 12.5%
sugar. Regarding energy yield, each flower supplies 290 - 430 kJ, meeting a significant
portion of the daily energy requirements for New Zealand honeyeaters (Castro & Robertson,
1997). However, birds forage throughout the day, indicating competition between pollinators

or that many flowers are empty or contaminated.

The observed low nectar presentation in the early afternoon poses the risk of repelling
pollinators, especially considering birds tend to shift their focus based on resource
availability (Bednekoff & Houston, 1994; Mac Nally, 1994a, b). To investigate whether this

is true for the local pollinators of V. lucens, their visits must be monitored.

The increase in nectar production by V. lucens at dawn, along with continued secretion
throughout the night, may suggest that its nectar is accessible to and potentially foraged by
larger nocturnal pollinators such as bats. Although native bats have not been observed
feeding on V. lucens, their visitation is plausible, given that the lesser short-tailed bat
(Mystacina tuberculata) has been documented feeding on other large, pink-flowering native

species such as Clianthus maximus and Metrosideros spp. (McCartney et al., 2007).
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Monitoring pollinator activity during or prior to RENR experiments would provide a more
comprehensive understanding of nectar replenishment and the various factors influencing it.
Future studies could explore the feasibility of 24-hour RENR experiments on flowers of
species known to attract nocturnal pollinators such as bats and moths, potentially offering
deeper insights into diurnal and nocturnal nectar dynamics. However, practical
limitations—such as the need for artificial lighting to remove nectar after sunset—may

affect results by altering the natural light environment and influencing floral responses.

Interestingly, while Luo et al.'s and my manipulated flowers showed a decreasing trend in
nectar refilling within the first five hours, my flowers gradually refilled progressively more
nectar with each refill interval after that, which I now would hypothesise for Luo et al.’s
flowers if they had been sampled for an extended period. Although they started their
sampling comparatively late (early afternoon instead of my morning), flowers were sampled
on a summer day (approx. 1 - 6 p.m.), which would have provided additional hours of
daylight. Luo et al. acknowledged that nectar replenishment could vary with time of day,
evaporation, and possible reabsorption but could not conduct longer monitoring times due to

the broad scope of their survey.

My results shed light on diurnal replenishment dynamics, highlighting the influence of VPD
rather than the mechanical stress expected with pollinator probing. Despite my monitoring
phase being twice as long as the 5-hour study by Luo et al. (2014), my flowers consistently
produced nectar after being emptied. When probed with micropipette tips, puriri flowers
displayed remarkable resilience, making them an appropriate choice for simulating
mechanical stress akin to a bird’s beak. As puriri flowers are long-lived structures, they
require being highly resilient to mechanical damage. Given their lower construction costs, it
would be intriguing to investigate whether short-lived flowers exhibit lower resilience.
Physical damage to certain flowers may not significantly impact the plant, as a new flower
naturally replaces the damaged one the following day, potentially facilitating uninterrupted

pollination, unlike in plants with long-lived flowers.
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2.4.3 Conclusion

My study underscores the species-specific nature of nectar removal responses, with
replenishment amounts varying throughout the day due to changes in VPD. I propose
analysing RENR across various species to explore whether response types are
phylogenetically conserved. Additionally, a deeper understanding of how VPD influences
flower water relations and nectar production would be beneficial. I advocate for an
interdisciplinary approach, integrating habitat-specific pollinator observations into RENR
experiments. This integration contextualises nectar mechanisms within a broader ecological

framework.

Standardised collection protocols are essential, encompassing full-day observations during
daylight hours after removing the nectar standing crop 24 hours before sampling. Moreover,
trees need to be sampled simultaneously, requiring field assistance. This approach enhances
interspecific comparisons within the research community, ensuring more reliable results.
Shoot water relations might significantly affect nectar flow, which suggests that nectar
production is probably quite vulnerable to drought or heat stress (Kuppler & Kotowska,
2021).

Future RENR studies may benefit from comparing closely related species with similar floral
traits—such as dark pink to purple, bell-shaped Pittosporum species—under controlled
conditions. Such comparative approaches could deepen our understanding of nectar
replenishment dynamics and contribute to a reevaluation of commonly held assumptions

regarding plant responses to environmental stressors.
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