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Highlights
e Macadamias have fairly low net CO, assimilation rates.
e There are both stomatal and non-stomatal limitations to photosynthesis.
e Macadamias are predominantly isohydric.
o High sink periods associated with variable response of stomatal conductance to VPD.

e A hydraulic limitation exists within the stem to leaf pathway.

Abstract

Macadamia F. Muell is a recently domesticated nut crop characterized by a certain amount of
drought tolerance. Whilst stomatal regulation of gas exchange and water relations has been documented
in macadamia, there are no reports on non-stomatal limitations to photosynthesis and if changes occur
over a season in relation to different phenological stages. It was hypothesised that in order for
macadamias to be adapted to a seasonally dry native environment the trees would be characterised by
strong stomatal control over gas exchange, indicating an isohydric water use strategy that is related to
a hydraulic limtation within the tree. However, due to high assimilate demand during nut filling, the
level of stomatal control would vary between fruiting and non-fruiting phenological stages. Gas
exchange and water relations measurements were made for 18 months on irrigated mature macadamia
trees (cv. HAES 695, ‘Beaumont’) in a subtropical region of South Africa. Results confirmed that

macadamias had relatively low light-saturated net CO, assimilation rates (Amax) (8.34 = 1.21 pmol CO;
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m? s). The low Amx values resulted from relatively high stomatal and non-stomatal limitations and
decreasing stomatal conductance (gs) in response to increasing leaf-to-air vapour pressure deficit
(VPDicar) above ca. 2 kPa. Strict stomatal control and nearly constant midday leaf water potential (yicar
=-1.16 = 0.43 MPa) confirmed the predominantly isohydric nature of the crop, which seemed to be a
result of low hydraulic conductance in the stem to leaf pathway. Significant differences in leaf gas
exchange capacity were, however, observed between the fruiting and non-fruiting phenological stages.
The presence of fruit resulted in significantly higher Amax (10.27 £2.23 pmol CO, m™ s') compared to
non-fruiting periods (Amax = 6.58 £2.00 pmol CO» m™ s™). Increases in Amax were mediated by increased
rates of electron transport (Jmax) and triose phosphate use (TPU). Fruiting stages were also characterized
by variable responses of gs to increases in VPDier, which indicated varying degrees of isohydricity. This
study reaffirms that macadamias are inherently adapted to seasonally dry environments, characterized
by strict stomatal control, yet under humid conditions or in the presence of developing fruit, macadamias

are proposed to deviate from a purely isohydric water management strategy.
Keywords: Hydraulic conductance; Isohydric; Non-stomatal limitation; Light saturation
1. Introduction

Macadamia F. Muell and more specifically M. integrifolia (Maiden & Betche) and M.
tetraphylla (L.A.S. Johnson) (Proteaceae), have gained popularity in the global agricultural sector due
to their highly valued and nutritious kernel. Despite the significant growth of this recently domesticated
horticultural crop (estimated 1930’s (Stephenson 2005)) both within and outside the species’ natural
distribution in seasonally arid, subtropical south-eastern Australia, very little is known about the gas
exchange and water relations of field grown Macadamia species. Whilst detailed gas exchange
modelling studies have been performed in potted trees and mature trees (Lloyd, 1991; Lloyd et al. 1991;
Syvertsen et al. 1995), these studies did not assess the dynamic and interrelated nature of leaf gas
exchange and water relations. In order to optimally cultivate macadamias, a holistic understanding of
leaf gas exchange and water relations, which account for potential shifts in photosynthetic capacity,

stomatal regulation of carbon gain, plant water status, and crop phenology is essential.



Despite the lack of long term macadamia specific leaf gas exchange studies, there is sufficient
evidence to suggest that as a result of leaves being long lived, hypostomatous and sclerophyllous
(Hardner et al. 2009) there may be both stomatal and non-stomatal limitations to photosynthesis (Lloyd
1991, Lloyd et al. 1991, Lloyd et al. 1992). Sclerophyllous leaves typically have low mesophyll carbon
dioxide (CO») conductance (Lloyd et al. 1992; Syvertsen et al. 1995), and a high level of internal self-
shading (Read et al. 2006; Marchi et al. 2008), which is often accompanied by lower photosynthetic
rates. Although adaptations such as leaf schlerophylly are advantageous under seasonally dry and
drought conditions, these conditions rarely exist in well managed, irrigated agriculture, and may impose
a contraint on yield and quality of an oil storing crop such as macadamia, which has a high assimilate

demand.

In addition to significant non-stomatal limitations to gas exchange, such species may also show
dynamic stomatal responses to achieve a favorable ratio of carbon gain to transpirational water loss
(instantaneous water use efficiency, WUE;) (Farquhar and Sharkey 1982) and to control leaf water
potential within certain limits to prevent loss of hydraulic conductivity through xylem cavitation (Sperry
2000; McDowell et al. 2008). The stomatal regulation strategies employed are generally closely attuned
to the hydraulic capabilities of the tree from the roots to the leaves (Sperry et al. 1993; Nardini and
Salleo 2000). Hydraulic limitations to leaf gas exchange may differ significantly between and within
plant species (Sperry 2000; Schultz 2003) depending on the need to avoid hydraulic failure in stressful
environments. This trade-off between WUE; and hydraulic safety, as controlled by stomatal
conductance (gs) and leaf water potential (i), is broadly classified into two strategies, with plants
typically exhibiting isohydric or anisohydric behavior (Tardieu and Simonneau 1998). Anisohydric
plants show a distinct diurnal decline in ier With increased atmospheric evaporative demand under
well watered conditions (Schultz 2003). Isohydric plants, on the other hand, are charaterized by near
constant midday iear under various soil water regimes and atmospheric evaporative demands, as a result
of strict stomatal control, which is indicative of a more conservative water management strategy. It
should, however, be noted that by analysing a number of plant species Klein (2014) found a continuum

between isohydric and anisohydric behaviours rather than a dichotomy and within species, these



behaviours may differ between contrasting seasons or in response to fruiting (Sade and Moshelion

2014).

Macadamia water stress trials in Australia (Lloyd et al. 1991), demonstrated an aproximate 30%
reduction in ¢, in non-irrigated trees, whilst daytime wier remained fairly constant and highly
comparable to that of irrigated trees for approximately eight weeks following the cessation of rains. In
addition, irrigation was reported to have no effect on daytime s throughout the trial. This seems to
imply that macadamias follow a predominantly isohydric water management strategy. However, the
finding by Lloyd et al. (1991) of high hydraulic conductance of macadamia trees relative to a range of
other crops, including citrus, olive, apple and peach, seems to be in contradiction to other isohydric
species, which are generally characterized by low whole tree hydraulic conductances (Sperry et al.
1993; Nardini and Salleo 2000). As the methodology used by Lloyd et al. (1991) to determine hydraulic
conductance is not comparable to many other studies and seems to be in contrast to other studies, a
more detailed examination of components of whole tree hydraulic conductance is needed to identify if
any hydraulic limitations are present, which could aid in the explanation of strict water potential control

in macadamias.

This study therefore aimed to examine leaf gas exchange and water relations of field-grown
macadamia in response to varying environmental conditions, and between fruiting and non fruiting
periods, in an attempt to identify water use strategies and possible limitations to net carbon assimilation.
It was hypothesised that as this evergreen, sclerophyllous species originated in an area with a distinct
dry period, it would have a conservative or isohydric water use strategy. This tradeoff for safety over
efficiency contributes to significant non-stomatal limitations to photosynthesis and strong stomatal
control over gas exchange, and is attributed to a hydraulic limitation within the root to leaf pathway.
However, as this is an oil storing nut with a high assimilate demand, it was further hypothesised that

non-stomatal limitations would vary between fruiting and non-fruiting phenological stages.



2. Materials and Methods

2.1 Site description, weather variables and tree phenology

The trial was conducted on a commercial macadamia farm located approximately 35 km west of
Nelspruit in the Schagen Valley, Mpumalanga, South Africa (25°21'50.36" S, 30°46'46.47" E,
approximately 900 m.a.s.l.). The area has a seasonally dry sub-tropical climate ideal for macadamia
production, although environmental conditions can vary considerably. The orchard consisted of mature
bearing macadamia trees under irrigation (cv. HAES 695, ‘Beaumont’, a M. tetraphylla x M. integrifolia
hybrid). Four trees in the centre of the 3.80 ha block were chosen as representative samples based on
general tree health and a stem circumference survey conducted at the start of the trial. These trees had
a mean leaf area index (LAI) of 5.25 m? m™ and an estimated canopy cover of 0.70 at the start of the
trial. A WS-GP1 Delta-T (Delta-T Devices Ltd, Cambridge, United Kingdom) automatic weather
station was installed over a dry short grass surface within 100 m of the orchard. Data was collected at
20-minute intervals for solar radiation, wind speed and direction, air temperature (Ta), air relative

humidity (RH) and rainfall. Air vapour pressure deficit (VPD.i-) was calculated from T, and RH.

Fruiting and non-fruiting phenological stages were visually determined. Fruiting (F) stages
(November to April) were regarded as periods after premature nut drop and before harvest, whilst non-
fruiting stages (NF) (May to October) were regarded as periods after harvest until premature nut drop.
Although small nuts were present in October, macadamias tend to abort some fruit directly after initial
nut set and final fruit load is only established by November. A high assimilate demand during the
fruiting stages was reflected in the annual yield of 21.5 kg tree” in 2016/2017 and 19.4 kg tree” in

2017/2018 dry in shell (1.5% moisture content).

2.2 Leaf gas exchange

Leaf gas exchange spot measurements were made on the four sample trees during eleven data
collection campaigns from August 2016 to May 2018. Measurements were made on randomly selected
mature, hardened-off leaves, which were fully exposed to the sun prior to measurement and typically

situated on the outside of the canopy, within 2 m of the ground surface. Measurements were made



between 09:00 h and 16:00 h, during which either the western or eastern face of the canopy was exposed
to direct sunlight. Environmental conditions during each of the measurement campaigns are provided

in Table 1.

Table 1: Mean weather variables, including air temperature (Tair), air vapour pressure deficit (VPDair),
solar radiation, and estimated fruit bearing status during each of the 11 leaf gas exchange measurement
campaigns. Fruiting periods were regarded as periods after premature nut drop and before harvest, whilst
non-fruiting periods were regarded as periods after harvest to premature nut drop. N is the number of

replicate gas exchange measurements.

Solar
Measurement Tair VPDoir
N Radiation Fruiting
Date
(°C) (kPa) MJ m2 day™!)
2016/08/09 140 21.9 1.7 16.0 No
2016/09/01 31 21.1 1.8 16.5 No
2016/10/13 23 17.4 04 19.6 No
2017/03/23 26 27.9 2.2 18.3 Yes
2017/05/11 21 25.2 2.3 13.8 No
2017/07/13 48 23.5 2.1 11.3 No
2017/12/08 38 21.6 1.1 25.5 Yes
2018/02/03 44 23.3 0.5 10.0 Yes
2018/02/04 52 23.9 0.5 20.2 Yes
2018/02/05 35 22.3 0.4 9.0 Yes
2018/03/19 45 20.5 0.6 13.0 Yes

The gas exchange parameters measured included net light-saturated CO, assimilation rate (Amax),
stomatal conductance (gs), and intercellular CO, concentration (C;), obtained using a photosynthesis
system (Model: LI-6400 XT, LI-COR, Lincoln, NE, USA). Sensors inside the cuvette monitored
photosynthetically active radiation (PAR) and leaf temperature (Ticar). Chamber CO» concentration was
maintained at 400 pmol mol™, the flow rate was 400 umol s, PAR inside the chamber was maintained
between 1500 — 2000 umol m™? s™' (LI-6400 XT LED light source), and RH was maintained at more

than 50% (to prevent stomatal oscillations). Leaf-to-air vapour pressure deficit (VPDicar) was calculated



by the LI-COR software. Measurements were typically recorded as soon as A stabilized, usually within

two minutes of leaf insertion.

The auto program function of the LI-6400 XT was used to obtain photosynthetic light and CO»
response (A/C;) curves using mature sun-exposed leaves on the four sample trees in the orchard. A/C;
curves were generated on 2 September 2016 and 12-13 October 2016 (NF, nine replicate curves) and
23 March 2017 and 5/7 December 2017 (F, 13 replicate curves). Light response curves were generated
on 8 August 2016, 1 September 2016, 13 October 2016, 11 May 2017 and 13 June 2017 (NF, 18
replicate curves) and 8 December 2016, 14 February 2017, 23 March 2017 and 5 April 2017 (F, 12
replicate curves). Light and A/C; curves were performed by altering the PAR (2000, 1500, 1000, 600,
400, 200, 100, 50, 0 pmol m~ s and CO, concentration (400, 300, 200, 150, 100, 50, 0, 400, 600, 700,
1000, 2000 umol mol™') within the chamber. For light response curves the CO, concentration was
controlled at 400 pmol mol™', whilst PAR was set at 1500 pmol m? s for A/C; curves. Tier Was
controlled within 5°C of ambient by Peltier coolers, and RH within the chamber was maintained at more
than 50%. Data points were logged within one to two minutes, and all measurements were made based
on a stability factor where A had a standard deviation of less than 0.5 umol m? s and a rate of change
per minute less than 0.1 pmol m? s, Curve fitting and analysis was done using the monomolecular
function for light response curves as described by Causton and Dale (1990) and by fitting the model
described by Sharkey et al. (2007) for CO, response curves. CO, response curves were also used to
calculate stomatal limitation (l) as described by Long and Bernacchi (2003). Light saturation point for
macadamia was calculated from light response curves as the light level where A was approximately

90% of Amax as determined using the model of Causton and Dale (1990).

2.3 Water potential, transpiration and hydraulic conductance

Leaf (yiear) and stem (ysem) Water potential were measured on the four sample trees using a
Scholander pressure chamber (Model 600, PMS Instrument Company, Albany, OR, USA) from before
sunrise to sunset on selected days. For each tree, measurements were taken on the hour for three
randomly selected mature sun-exposed leaves (i), three shade leaves on the inside of the canopy

(Viear) and three shade leaves (enclosed) on the inside of the canopy (ysem) (36 measurements per cycle).
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The latter were enclosed in aluminium covered bags (PMS Instrument Company, Albany, OR, USA)
for at least 30 min prior to measurement. Pre-dawn leaf water potential (ypq) was measured on a weekly

basis from October 2016.

Sap flow measurements were performed using the heat ratio method of the heat pulse velocity
technique as described by Burgess et al. (2001) and Taylor et al. (2015) on the same four sample trees
used for leaf gas exchange and water potential measurements. Four custom made heat pulse probe sets
were inserted at four different depths (0.5, 1.5, 2.5 and 3.5 cm below the cambium) in each tree trunk
to account for the radial variation in sap flux within the conducting sapwood. Each probe set consisted
of two Type T (copper/constantan) thermocouples (embedded in 2.0 mm outside diameter PFTE tubing)
placed equidistantly (0.5 cm) upstream and downstream of the heater probe inserted into a brass collar
(2.5 mm). These probe sets were inserted above the rootstock in the scion and below the first branch,
with the probes being equally spaced around the trunk and randomly arranged, taking care to avoid any
abnormalities in the trunk. Whole stem sap flux (assumed to be equal to transpiration based on the lack
of a time lag between measured transpiration and evapotranspiration) was calculated as a product of sap
flux density and weighted sapwood cross-sectional area represented by each probe set. Conducting
sapwood was determined by injecting a weak solution of safranin stain into the stem and determining
the width of stained tissue by extracting a core of wood using a stem corer. Wound width was calculated
as 3.0 mm, and was determined by means of destructive sampling at the end of the trial. Volumetric sap
flow of the individual trees (L h™") was converted to transpiration per unit leaf area (L m™ h™') using the
leaf area allocated to each tree, where after transpiration was converted to molar units of mmol HO m’
25!, Seasonal adjustments in canopy leaf area were made based on canopy dimensions measured during
five measurements campaigns throughout the duration of the trial. It should, however, be noted that

difference in canopy size were negligible throughout the growing seasons.

Hydraulic conductance (k) was estimated according to Cohen and Naor (2002), where k was
separated into the pathway from the soil to the stem (Ksoii-stem) and from the stem to the leaves (Ksem-ieat).
Daily values of k were calculated as a mean of daytime hourly values. The root-stem interface was

calculated using Equation 1, where J is sap flux and y_, was assumed to be equal to pre-dawn leaf
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water potential under well-watered conditions, as were present in this study. The hydraulic conductance
between the stem and leaf interface was calculated based on Equation 2, with the fraction of sunlit
canopy leaf area () estimated using visual inspections of the tree canopy in a similar fashion to that
described by Moreshet et al. (1990). Whole tree hydraulic conductance (Ksii-ieaf) Was calculated using
Equation 3, with leaf specific hydraulic conductance (ki) calculated using Equation 4, as outlined by
Hubbard et al. (2001). It should be noted that estimates of ki were obtained by using measurements of
0s (measured using the LI-6400 XT) and icr obtained from the same leaf and VPD,;: obtained from the
weather station, with the assumption that macadamias are well-coupled to the atmosphere being a tall,

rough surface.

Ksoil-stem = 3/ (Wgi1 = Wiem) 1)

Kstem-teaf = 37/ (Wi = (W 1ear T (-0 e 1ear)) (2
Ksoit-tear = I/ Wegit = (W 1ear T 1=V e tear)) 3)
kL= 0,/ (Vo1 = Voun 1ear) VP Dair) “4)

2.4 Statistical analysis

To analyse the influence of Ticarand VPDicar 0n Amax and gs, data from all measurement dates were
grouped into five Tiear categories spanning 5°C, and eight categories of VPDie.r spanning 0.5 kPa. Using
repeated measures ANOVA with Restricted Maximum Likelihood estimation (REML) in the Variance
Estimation, Precision & Comparison methodology (VEPAC) of Statistica (TIBCO Software Inc.
Version 13.3), a test for Amax and gs was conducted. The individual tree replicate was a random variable
so that N=4. Using LSD multiple comparisons, the treatment means were regarded as different if p <

0.05.

Statistical assessment of the seasonal changes in Amax, Os and VPDiar (from leaf gas exchange
measurements) and corresponding VPD,ir and Tair (from the automatic weather station) were also

analysed using repeated measures ANOVA with REML in VEPAC (Statistica, TIBCO Software Inc.
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Version 13.3). Five of the measurement dates had data for all four trees (i.e. containing full data sets)
and could be used for this analysis. Using LSD multiple comparisons, the treatment means were

regarded as different if p < 0.05.

To assess the influence of the presence of absence of fruit on leaf gas exchange and particularly gs and
Anmax, data from all measurement dates were grouped, as described above, into eight VPDieqr categories.
These were sub-categorised into two groups representing fruiting and non-fruiting phenological stages.
Repeated measures analysis using REML in VEPAC was then conducted using VPDie.r(category) and
fruiting/non-fruiting as factors, as well as their interaction. Individual tree was used as a grouping
variable so that N=4. Using LSD multiple comparisons, the means were regarded as different if p <

0.05.

3. Results

3.1 Seasonal Weather and crop phenology

Mean air temperature throughout the study period was 20.1°C, with a mean daily maximum of
26.4°C and a mean daily minimum of 12.2°C (Figure 1). Predictably, daily solar radiation reached a
low point during the autumn/winter period (April — August), but this period was also associated with
lower variations in daily solar radiation, due to mostly clear skies. In the spring/summer period (August
— March), large variations in daily solar radiation were observed as a result of the summer rainfall

pattern of the region, leading to more frequent overcast conditions.
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Air vapour pressure deficit, although highly variable, had a seasonal mean of 1.01 kPa. Maximum
daily VPD,;: was highest (reaching 2.83 kPa on 16 September 2016 and 3.01 kPa on 13 September
2017) in the period September to November in 2016 and 2017. Total rainfall throughout the trial was
1877 mm, with rainfall during the first year (August 2016 — July 2017) amounting to 1182 mm, which

was higher than the long term mean of ~750 mm per annum.

Tree phenology, including vegetative flushing patterns and fruit development, followed a similar
pattern to that outlined by Stephenson et al. (1986) and Wilkie et al. (2009). Important crop
physiological stages (from visual observations) and harvest times are outlined in Figure 2. With the
exception of the early summer vegetative flushes, most phenological events occurred at similar periods
in each year of the trial. The onset of flowering typically occurred in early August and was followed by
nut set in September to October. Following nut set, premature nut drop occurred during late October
and was followed by a vegetative flush in middle November. Increases in relative assimilate demand
and oil accumulation were included in Figure 2 according to phenological stages, using the results of
Stephenson et al. (2003). Oil accumulation was assumed to commence after shell hardening (end
December) and continue until harvest (mid-April). Peak relative assimilate demand (February to April)

also coincided with a major vegetative flush at the end of January/beginning February.

12



Aug ! Sep | Oct | Nov! Dec! Jan | Feb | Mar! ApriMay! Jun ! Jul | Aug! Sep | Oct {Nov! Dec! Jan | Feb | Mar! Apr {May
6 f 16 16 i 16 i16 i 17 17817 817 P17 817 817 817 817 817817817 1 18 i 18 1 18 1 18§ 18

Flowering Flowering

Nut Set Nut Set
[ Nut Drop Nut Drop

: _— — Y
Shell /’_‘ Shell
Hardening / Hardening

Oil Accumulation ] 01l Accumulation

e }

Vegetati Vegcetative Vegetative Vegetative
Flush Flush Flush Flush
_ . /
S N ——1

o

== Relative Assimilate Demand

Figure 2: Major phenological events and harvest time of macadamia trees from August 2016 to
May 2018 based on visual observations. Increases and decreases in relative assimilate demand
throughout this period were estimated based on results by Stephenson et al. (1989) and
approximately coincide with the presence or absence of fruit and especially the oil accumulation
period.

3.2 Leaf gas exchange

3.2.1 Responses to environmental variables

Light-saturated rate of net CO, assimilation (Amax) reached optimum levels when leaf
temperature ranged from 20-30°C, declining thereafter, with significantly lower Ama.x measured at leaf
temperatures above 35°C compared to the optimum range between 20 and 30 °C (Figure 3A). In
response to increasing VPDiear, Amax reached a maximum between 1.0 — 2.5 kPa (Figure 3B), declining
at higher VPDicar. A similar response was observed between gs and VPDiear, with gs reaching a maximum
between 1.0-2.5 kPa, where after it declined in a similar manner to that of An,x in response to increasing
VPDiear (Figure 3C). The relationship between Amax and gs (Figure 3D) was non-saturating under the

measured values of g.

In response to increasing C;, A increased linearly up to approximately 180 pmol mol™, after which the

response flattened out during the shift from the CO,-limited region to the RuBP-limited region (Figure
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3E). At C; concentrations above 400 pumol mol™ the mean A was approximately three times higher
(17.16 umol m? s™') than the mean value of A’ (A at ambient C; when C, =400 pmol mol™), which was
approximately 6.64 pmol m? s (Figure 3E). Stomatal limitation as calculated from these response
curves amounted to approximately 33% of all limitations. Macadamias reached Amax at PAR levels of
>900 umol m™ s (examples of photosynthetic light response curves are given in Figure 3F). Mean Aax
obtained from light response curves (8.77 + 2.49 umol m? s™') was comparable to mean seasonal spot

measurements of Amax (8.34 = 1.21 pmol m™ s™') made at PAR levels of 1500 pmol m?s™.
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Figure 3: Response of Amax to increasing (A) leaf temperature (Tiar) (N= 500) and (B) leaf to air
vapour pressure deficit (VPDiear) (N=500), (C) the response of stomatal conductance (gs) to VPDjear
(N=500), and (D) the response of light-saturated net CO2 assimilation rates Anax to gs (N= 500).
(E) Representative responses of net assimilation (A) to intercellular CO; concentration (C;)
showing the method used to calculate stomatal limitations (I = (A" — Al)/A!) as outlined by Long
and Bernacchi (2003) of four experimental trees (N= 51) measured on 7 December 2017. (F)
Response of A to PAR in fully sun-exposed leaves of four trees (N= 52) measured on 23 March
2017. Means followed by the same letter are not significantly different (p = 0.05) as analysed using
repeated measures ANOVA.
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3.2.2 Influence of fruit on leaf gas exchange

Mean Apax varied throughout the data collection period between a minimum of 6.03 pmol m™
s (9 August 2016) and a maximum of 11.21 pmol m? s (8 December 2017) (Table 2). Intermediate
Amax values were recorded on the other measurement dates. Differences in Amax and gs throughout the
season typically agreed with significant differences in mean Tiar and VPDier, However, these
differences were not consistent throughout the season. Despite similar VPDiear on 9 August 2016 and
23 March 2017, Amax and gs were significantly higher in March than August. This variation in Amax and
gs corresponded to the presence of oil accumulating fruit in March, as opposed to August when the trees

were in flower (Figure 2).

Table 2: Mean light saturated net CO; assimilation rate (Amax), stomatal conductance (gs), leaf-
to-air vapour pressure deficit (VPDicar), leaf temperature (Tiear) and the corresponding daylight
(6:00 — 18:00) air vapour pressure deficit (VPD.i) and air temperature (T.i) for spot
measurements. Measurement dates falling within the fruiting period are shown in bold face.
Means in columns were separated by LSD at 5% when P<0.05 according to repeated measures
ANOVA.

Amax Os VPDiear Tiear VPDair Tair
Date N

(umol CO; m?s™) (mol m?s™) (kPa) °C) (kPa) °C)
9 August 2016 140 6.03 ¢ 0.05¢ 32ab 31.0b 1.7b 219¢
13 October 2016 23 7.88 be 0.11b l4c 22.2d 0.6d 17.4d
23 March 2017 26 8.64 b 0.12 b 35a 34.6a 23a 279 a
11 May 2017 21 8.43b 0.10b 2.6b 323b 23a 2520
8 December 2017 38 11.21a 0.15a 1.7¢ 26.8 ¢ 12¢ 21.6¢

Mean 7.48 0.08 2.77 30.02 1.6 22.4

Although Anax during fruiting (F) periods remained higher than A during non-fruiting (NF)
periods at similar leaf temperatures, the difference was only significant within the 25-35°C range
(Figure 4A). Amax during F periods was significantly higher than Amax during NF periods within the 1.0
— 2.0 kPa and 2.5 — 3.5 kPa VPDie,s ranges (Figure 4B). During F periods, gs was significantly higher
compared to gs during NF periods at VPDiear ranging from 1.5 — 3.5 kPa (Figure 4C).The majority of

higher Amax and corresponding gs values were obtained during the F period (Figure 4D). Higher A values
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were achieved for similar C; levels during F periods compared to NF periods (Figure 4E). However,

responses of A to increases in PAR (Figure 4E) were similar between F and NF periods.

Mean values of Amax and gs, and associated Ticar, Tair, VPDicar and VPD,;r from spot gas exchange
measurements are shown in Table 3. Mean air temperature was 3.6°C higher during F periods compared
to NF periods (with no difference in mean VPDy;), yet leaf temperature was 1.6°C lower during F
periods (Table 3). A greater gs during F periods was therefore associated with a lower Ticar and VPDieaf.
Parameters derived from A/C; curves (Ve max, Jmax, TPU, Rq and |) measured at similar Tiear and VPDiear,
for NF and F periods, are also shown in Table 3. Estimates of Jmax, and TPU were higher during F
periods compared to NF periods (Table 3). Mitochondrial respiration rate (R4) was lower for periods of
F compared to periods of NF. No differences were found between the two periods for Ve m.x and |. No
significant differences were found between F and NF periods for the parameters derived from the

photosynthetic light response curves (Table 3).
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Figure 4: Response of light-saturated net CO2 assimilation rates (Amax) to increasing (A) leaf
temperature and (B) air to leaf vapour pressure deficit (VPDicar). (C) The response of stomatal
conductance (gs) to VPDieat, and (D) the response of Apax to gs during non-fruiting (N= 261) and
fruiting (N= 239) stages. (E) Responses of net assimilation (A) to intercellular CO; concentration
(Ci) during non-fruiting stages (N= 78) and fruiting stages (N= 138) stages. (F) Response of A to
PAR in fully sun-exposed leaves of all experimental trees during non-fruiting stages (N=368) and
fruiting stages (N= 272) stages. Means were separated by LSD at 5% when P<0.05 according to
repeated measures ANOVA.
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Table 3: Comparison of mean (+ standard deviation) weather conditions and photosynthetic
parameters during fruiting and non-fruiting stages. Weather variables are means of daytime
(6:00 am — 6:00 pm) air temperature and air vapour pressure deficit (VPD.i). Photosynthetic
parameters obtained from spot measurements of leaf gas exchange include leaf temperature
(Ticar), leaf-to-air vapour pressure deficit (VPDy.ar), light saturated net CO; assimilation rate
(Amax) and stomatal conductance (gs;). Maximum velocity of Rubisco for carboxylation (V¢ max),
maximum rate of electron transport (Jmax), rate of triose phosphate use (TPU), mitochondrial
respiration rate (Rq), stomatal limitation (I), light compensation point (LCP), apparent quantum
efficiency (AQE) and day respiration rate were obtained from analysis of A/C; and PAR response
curves at Ti.ar ranging from 25 — 30 °C. Means were separated by LSD at 5% when P<0.05. N is
the number of measurements.

N Fruiting N Non-Fruiting
(Mean = SD) (Mean = SD)
Spot Measurements
Apax (pmol CO, m2 s71) 228 10.27 £2.23? 196 6.58 £2.00°
gs (mol m? s1) 228 0.13 +£0.05* 196 0.07 £0.03%
Tiear (°C) 228 28.66 +£2.27° 196 30.28 £3.45°
Tair (°C) 23.58 + 1.36° 19.93 +£2.59°
VPDiear (kPa) 228 1.91 £0.61° 196 2.97 £0.80?
VPD,;: (kPa) 1.04 +0.40 1.37+£0.62
A/C; Response Curve Analysis
Ve max (umol m2 s 9 72.80 + 14.31 13 55.92 +25.51
Jmax (Lmol m2 s 9 90.24 +10.39° 13 73.35 £ 12.86°
TPU (umol m?2 s 9 6.53 +1.05% 13 4.77+0.78°
Rq (pmol m?2 s 9 0.35+0.25° 13 1.01 £0.45%
I (%) 9 35.23 +8.96 13 29.24+£9.32
A/PAR Response Curve Analysis
LCP (umol PAR m? s 7 7.73 +5.83 13 11.01 £9.81
AQE (mol mol ) 7 0.05+0.01 13 0.03 £0.02
Day respiration rate (umol m? s™!) 7 0.37+0.24 13 0.33+£0.30
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3.3 Water relations

Pre-dawn leaf water potentials (ypa) throughout the duration of the trial revealed only minimal
variation, with a mean value of -0.13 + 0.04 MPa (data not shown). During the course of a day (selected
days shown in Figure 5), VPDy; increased to a maximum around 13:00 in summer (8 December 2016),
between 12:00 and 13:00 in autumn (5 April 2017, 18 April 2018) and around 12:00 in winter (14 July
2017) (Figure 5A). On these days, mean minimum sun exposed leaf water potential (Wsun 1car) Was
reached between 10:00 — 11:00 daily, with a mean minimum value of -1.21 + 0.22 MPa (Figure 5B).
Thereafter, Woun 1car recovered gradually to a mean value of -0.73 £ 0.21 MPa at 15h00. Consecutive days
of measurements confirmed that yiear recovered completely during the night, with ypq of consecutive
days being similar (data not shown). Leaf water potentials lower than -2.0 MPa were rarely recorded
throughout the duration of the trial. Midday Wsun 1cat remained relatively constant across all measurement
days, despite distinctly different environmental conditions (Figure SA and B). Whole tree transpiration
rate (E) showed an approximate linear increase from 8:00 — 11:00 daily, where after E remained
relatively constant as Wsun 1ear Started to decrease from 11:00 onwards (Figure 5C). Diurnal trends in Weun
leafand gs, measured on the same leaf confirmed that the lowest value for Wsun 1ear and highest value for g
typically occurred between 10:00 and 11:00 (Figure 6A). This corresponded to a VPDier of

approximately 2.1 — 2.9 kPa (Figure 6B).
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Figure 5: Diurnal progression of (A) air vapour pressure deficit (VPD.i), (B) sun exposed leaf
water potential (Ysun 1ar) Obtained from random canopy sampling, and (C) whole tree
transpiration rate (E) for four measurement days with contrasting weather conditions.
Measurements of Yqun iear (N =384) and E (N = 128) are means of four trees (+ standard deviation).
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conductance (gs) and (B) Wsuniear and air to leaf vapour pressure deficit (VPDjcar), measured on the
same leaf (13 July 2017).

The seasonal mean of whole tree hydraulic conductance (Ksoit-ieaf) Was estimated at 3.44 + 2.13
mmol m? s MPa!, with a mean conductance at the stem-leaf interface (Kstem-teaf) 0f 7.43 £ 5.05 mmol
m™ s' MPa!, and a mean conductance at the soil-stem interface (Ksoit.stem) of 7.85 = 4.48 mmol m? s™!
MPa™'. However, large variation in hydraulic conductance was found, with estimates varying between
individual trees and between consecutive days of measurements (Figure 7A). An analysis of the diurnal
variation of the various components of the hydraulic pathway revealed that both Koiiiear and Ksoil-stem
increased slowly until 10:00, where after the increase was more rapid (especially Ksoii-stem), before slowly
decreasing after 15:00 (Figure 7B). In contrast, Ksem-iear increased rapidly until 08:00, then decreased
rapidly from 8:00 — 10:00, before increasing from 11:00 onwards until 14:00 (Figure 7B). Maximum gs
was reached between 8:00 — 11:00, after which gs decreased rapidly. The mean Kgoil.icar, Obtained from
the inverse of the slope of the linear relationship (Figure 7C) between whole tree transpiration rate (E)
and Weun 1ear Was slightly higher (3.95 + 2.24 mmol m? s MPa™") than that determined from Equation 3
(3.44 + 2.13 mmol m? s' MPa'). There was a positive linear relationship between leaf specific

conductance (i) and gs (Figure 7D).
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Figure 7: Means (+ standard deviation) of (A) daily seasonal and (B) diurnal progression of
individual components of hydraulic conductance, including soil to stem (Kiistem), Stem to leaves
(Kstem-1ear), Whole tree hydraulic conductance (Kgiiicar) 0of four study trees (N = 102) and mean
stomatal conductance (gs) from random spot measurements made during the same measurement
day (N =52). (C) Linear relationship between mean sun exposed leaf water potential (Wsun icar) and
mean whole tree transpiration rate (E) for four study trees on 18 April 2018. (D) Linear
relationship between mean leaf specific conductance (ki) gs for four study trees measured on 13

July 2017.
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4. Discussion

This study has reaffirmed that macadamias have low rates of carbon assimilation, attributed to
both stomatal and non-stomatal limitations, with stomatal limitations accounting for approximately one
third of the total limitation to carbon assimilation. Although environmental conditions are an important
driver for macadamia leaf gas exchange, net assimilation rates remained low despite the optimal
growing conditions experienced throughout the duration of the trial, with mean annual temperature
falling within the optimal 20 — 25°C range and annual precipitation and irrigation exceeding 1000 mm,

as prescribed by Stephenson and Trochoulias (1994).

Seasonal mean Amax of macadamias, obtained from spot measurements of leaf gas exchange in
this study, was 8.34 pmol CO, m™ s, which is similar to values reported by Huett (2004) (8-10 umol
CO, m? s). Net assimilation rates for macadamia were low compared to temperate, deciduous fruit
and nut crops, such as apple, pear, plum, pecan and almond, all of which have mean An.x values greater
than 15 pmol CO, m? s (Flore and Lakso 1989). Compared to other evergreen subtropical crops, such
as citrus, macadamia seems to be slightly lower in terms of both Amax and gs (Syvertsen et al. 2003).
This could be partly attributed to slightly higher estimated stomatal limitations of macadamia (33%)
than that of citrus (23.3%) (Jifon and Syvertsen 2003), but various non-stomatal limitations also seem

to result in lower assimilation rates.

Non-stomatal factors seem to be related to low mesophyll conductance to CO; and internal light
limitations attributable to the sclerophyllous nature of macadamia leaves. Even though mesophyll
conductance was not determined in this study, Lloyd et al. (1992) estimated mesophyll conductance to
CO, for M. integrifolia as 1.1 umol m? s Pa, which was lower than that of sclerophyllous citrus
leaves (1.7 — 2.2 umol m? s™! Pa™') and approximately half of that estimated for peach (3.1 — 4.0 umol
m? s Pa™). Low mesophyll conductance could also explain the substantial increase of A in response
to increasing C; in this study, which has previously been observed by Flexas et al. (2008) and Niinemets
et al. (2009). Increased C; levels, up to 180 umol mol™, led to a linear increase in A, with values greater
than 17 pmol CO, m? s™! being recorded at these levels (Figure 3E). Intercellular CO, concentrations

greater than 400 pmol mol™ resulted in no substantial increases in Amax, which is most likely due to the
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realization of the upper limit of RuBP regeneration, often referred to as a limitation in triose phosphate

utilization (TPU-limitation).

The lower Jmax of macadamias relative to apple (Gindaba and Wand 2007) and other
sclerophyllous shrubs (Wullschleger 1993) suggests that low electron transport capacity may also be
contributing to the low photosynthetic rates observed in macadamia, which could be related to light
limitations within the internal leaf space, as the AQE for macadamia was also fairly low compared to a
range of other tree crops (Higgins et al. 1992). These low values for AQE and Jmax, were similar to that
of shaded apple leaves (Gindaba and Wand 2007a; Gindaba and Wand 2007b). A high light saturation
point of >900 umol m™ s™' was also observed in this study, with similar results being reported by Huett
(2004) and in other sclerophyllous species such as citrus (Medina et al. 2002) and olive (Sofo et al.
2009). The high light saturation point further supports the proposed internal light limitation in
sclerophyllous macadamia (Niinemets and Sack 2006) and emphasises the need for intensive
macadamia canopy management practices aimed at increasing solar radiation distribution throughout
dense and shaded macadamia canopies. In fact, increases in Amax, together with increases in yield and
quality, have been reported in sclerophyllous crops, including macadamia, as a result of increased light

distribution within tree canopies (Medina et al. 2002; Huett 2004; Cherbiy-Hoffmann et al. 2012).

Stomatal limitations to macadamia leaf exchange are largely attributed to the predominantly
isohydric behaviour of the crop, which was confirmed by diurnal W 1ear Which rarely reached levels
lower than -2.0 MPa, despite rather contrasting environmental conditions during measurements and
non-limiting soil water conditions (Figure 5). Strict stomatal control in macadamias resulted in the
maintenance of favourable gun icar, irrespective of atmospheric evaporative demand. Lloyd et al. (1991)
found similar results, with Wsun icar Of both irrigated and non-irrigated macadamias being very similar
over a 2-month period and rarely reaching levels below -1.5 MPa. There were, however, differences in
s between the two treatments, with g, in the non-irrigated treatment dropping significantly to maintain
Wieaf. The maintenance of high iear through stomatal closure is believed to be an underlying hydraulic

safety factor used to avoid xylem cavitation under high evaporative demands (Sperry 2000; Schultz
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2003) and suggests that there is a hydraulic limitation to water flow through certain segments within

the tree (Gleason et al. 2016).

The report by Lloyd et al. (1991) of high hydraulic conductance of macadamia trees relative to
most other fruit trees seems to be at odds with the isohydric nature of the tree. However, results from
this study suggest a lower value for Ksoi-iear than those reported by Lloyd et al. (1991), which probably
reflects different techniques for estimating Ksoiiear. The values from this study (Ksoil-tear = 3.44 + 2.13
mmol m? s MPa™), using whole tree transpiration, are more comparable with other fruit tree species,
such as apple (4.4 mmol m? s MPa!, Cohen and Naor 2002) and kiwiftuit (2.44-3.83 mmol m™ s’
MPa!, Clearwater et al. 2004), which suggests that macadamia whole tree hydraulic conductance is
comparable to other fruit trees. Importantly, the separation of the hydraulic pathway from the soil to the
stem and from the stem to the leaf, provided more insight into the hydraulic characteristics of
macadamia trees and suggested slightly lower conductance in the stem to leaf pathway, than the soil to
stem pathway throughout the season. This was confirmed through the analysis of the diurnal progression
Of Kstem-teat and Ksoit-siem, Which revealed that there was a reduction in Kgem-icar in the morning (Figure 7B),
which roughly corresponded with an increase in g;. This suggests that as stomata open, water held
within storage tissues in the leaf is lost through transpiration. As there was a negligible time lag between
transpiration estimated via sap flow and evapotranspiration estimated using Eddy Covariance
measurements (data not shown), it was assumed that the storage capacity in the trees was low and thus
transpiration at the start of the day would have depended predominantly on stored water in the leaves.
After the depletion of these stored water reserves, and increased transpiration rates, significant
resistance to water flow occurs within the stem to leaf interface. From this point onwards results suggest
that resistance within the stem to leaf interface places significant constraints on macadamia leaf gas
exchange, by means of changes in leaf water status, as demonstrated in ponderosa pine by Hubbard et
al. (2001). This is complemented by the linear relationship between ki and gs (Figure 7D), which is not
only indicative of near isohydric behaviour, but also suggests that a reduction in bulk leaf water status,
or even a single portion of the leaf as a result of reduced ki, could lead to reduced gs, According to

Hubbard et al. (2001) this slight reduction in gs returns yiear to its original levels and the continuous
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nature of this response in both time and space results in a near constant yie.r irrespective of atmospheric

conditions.

Although results from this study suggest that macadamias are predominantly isohydric and
exhibit strict stomatal control in response to increasing VPDier, these responses were not consistent
throughout the duration of the trial. The observed variation of both gs and Amax in response to increasing
VPDicar corresponded to the absence or presence of fruit on trees (Figure 4B & C). Both Amax and g
were significantly higher during fruit bearing periods compared to periods when the tree lacked fruit
(Table 3). During fruit bearing periods gs and Amax were significantly higher than during non-fruit
bearing periods, especially within the higher VPDiesrange of 2.5 — 3.5 kPa (Figure 4B & C). These
results suggest that macadamias have the capability to maintain gs for longer under high evaporative

demands during fruit bearing periods.

Given the significant assimilate demand by the oil storing fruit of macadamia an upregulation of
photosynthesis during fruit bearing periods is not only highly likely, but also necessary. Whilst the
upregulation of Amax in response to the presence of fruit observed in this study can be linked to the
concomitant increase in s, it is also most likely linked to reduced mitochondrial respiration rates and
increased Calvin cycle kinetics, as Jmax and TPU were higher during fruiting periods (Table 3). Similar
increases in gs and/or Amax in response to crop load have been noted in a number of fruit crops (Naor
2001; Pretorius and Wand 2003; Silber et al. 2013), with Sade and Moshelion (2014) suggesting a
switch between isohydric and anisohydric behaviours over the course a season as a result of shifts in
hydraulic and stomatal regulation in response to sink strength. It is therefore plausible that macadamias
do not follow a purely isohydric water management strategy, but rather a more plastic isohydric strategy,

which depends on the presence or absence of developing nuts.

Unfortunately, the mechanisms by which stomata respond to sink strength are not well
understood. Whilst Holttd et al. (2017) has proposed a steady state stomatal model balancing gas
exchange with plant hydraulics and source-sink flux, Mitchell et al. (2016) linked an increase in ABA
with the build-up of non-structural carbohydrates in source tissue, which lead to a reduction in g,. A

dual role for ABA in reduced gs was suggested Pantin et al. (2013), with a direct impact on guard cells
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and an indirect action through reduced ki by decreasing water permeability of the leaf vascular tissue.
Finally, Sade and Moshelion (2014) suggest that aquaporins play an important role in controlling leaf

water status and therefore whether a plant will behave in a more isohydric or anisohydric fashion.

This study has demonstrated that the net CO, assimilation rates of macadamias over a
production season are fairly low, which is linked to a quick response of stomata to increasing VPDieaf,
in order to maintain midday leaf water potential within certain safety margins to avoid cavitation. These
safety margins seem to be dictated by a hydraulic limitation within the stem to leaf interface and suggest
that macadamias predominantly follow an isohydric strategy. Whilst xylem safety remains a priority
throughout the season, the response of gs to VPDiear is dynamic and is influenced by the presence or
absence of oil storing fruit on the tree. There are, however, also non-stomatal limitations to
photosynthesis linked to a possible internal light limitation and the previously reported low mesophyll
conductance. Planting macadamias in more humid regions and pruning to ensure adequate light
interception throughout the canopy should be considered in order to maximise canopy photosynthesis

and possibly boost production.
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