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Abstract

Daddow is a macadamia cultivar that yields poorly because flowers and fruitlets frequently
abort early in development. The objective was to determine whether resource availability
limits fruitlet retention in this cultivar. Racemes of Daddow and three other cultivars,
849, A38, and A203, were sampled weekly during flowering and fruit set, and trends in
nutrients and non-structural carbohydrates were assessed. Starch concentrations in the
flowers and rachis were lower in Daddow than in the other cultivars before fruit set. Rachis
concentration of glucose, an important signalling molecule, was also lower in Daddow at
flowering. Most flower and fruitlet nutrient concentrations in Daddow were comparable to
those of the other cultivars. However, potassium concentrations were lower in both the
rachis and leaves of Daddow, while boron concentration, important for pollen tube growth,
was higher. These results suggest altered signalling mechanisms, inadequate carbohydrate
supply and deficiencies in specific nutrients may have been contributing factors to the high
flower and fruitlet abortion rates of Daddow.

Keywords: fruit set; fruit abortion; micronutrients; macronutrients; total non-structural
carbohydrates (TNSC)

1. Introduction
Successful flowering and fruit set affect yield in perennial horticultural crops. High

flower production but low fruit retention are characteristic of crops such as avocado [1],
mango [2], and citrus [2]. This can be caused by insufficient pollinators or environmental
factors, but physiological regulation can also occur. Resource limitations include carbo-
hydrates and mineral nutrients. Source–sink relationships are complex in perennial crops
with competition among competing ‘sinks’ (tissues that import and use or store assim-
ilates), including the reproductive tissues, as well as vegetative [3] and root flushes [4].
Non-structural carbohydrates such as starch and sugars derived from ‘sources’ (tissues that
produce and export assimilates) are important to floral initiation, anthesis, pollination, fer-
tilisation and early fruit growth [5]. In mango [6], avocado [7,8], apple [9] and orange [10],
insufficient carbohydrate availability before, during or after flowering results in poor yield,
and this can be caused by high vegetative demand competing with reproductive sinks [11].
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These carbohydrates can be sourced from newly acquired photoassimilates or from stored
starch reserves [12,13].

Nutrients also have an important role in flowering and fruit set [14]. For instance,
zinc (Zn) is required for pollen formation [15], boron (B) for pollen germination and
pollen tube growth [16], and calcium (Ca) for signalling processes during pollen tube
growth [17,18]. Potassium (K) regulates carbohydrate transport to resource sinks to support
flower retention and fruit development [19,20]. Phosphorus (P) is essential for reproductive
development [21] due to its role in ATP production and metabolic processes [22]. The
transport and partitioning of these nutrients are influenced by vascular transport path-
ways [23], transpiration [22], and membrane transporters [24], and overseen by hormonal
signalling [25].

Macadamia integrifolia and its hybrids have several hundred flowers on each raceme
but very low final fruit set [16]. Abortion can occur from the flower stage through to full
maturity, but intensive abortion occurs at the early fruitlet stage [26]. The embryo and
the maternal husk surrounding the shell and kernel are nutrient and carbon-intensive
organs, and competition with vegetative flushes—triggered by soil moisture, temperature
and orchard management—may contribute to high abortion rates [27]. Daddow is an
older cultivar with a dense canopy [28] that allocates more resources to vegetative growth
than to reproductive structures. Daddow produces few racemes per unit canopy, has low
floral density and poor fruit set [29], and consequently, nut yield and nut size of Daddow
are generally inferior to those of other cultivars [30]. However, Daddow has a broad
flowering period, starting early and extending late [28]. It is used in commercial orchards
to improve cross-pollination and fruit set in other cultivars, rather than for its own yield.
Many crops, including macadamia [29], show higher fruit set and lower early fruit drop
when cross-pollinated. Cross-pollination can result in faster pollen tube growth, and more
successful ovule fertilisation than self-pollination. Cross-pollinated fruit often have larger
embryos, faster development and stronger sink demands. This increases the fruit’s ability
to compete with vegetative sinks, reducing abscission [5]. The objective of this work is to
characterise the carbohydrate and nutrient allocation to Daddow flowers and fruitlets, and
determine if low sink strength, or source failure is the cause of this cultivar’s inability to
produce high yields.

2. Materials and Methods
2.1. Study Site

The experiment was conducted at the Southern Cross University’s Morelia Lane Farm,
Wollongbar, NSW, Australia (28◦49′53.8′′ S, 153◦24′52.9′′ E). Trees were six years old, grafted
onto H2 rootstock, and established in a red Ferralsol [31] with a pH (water) of 5.1 and an
effective cation exchange capacity of 2.5 cmolc kg−1. In the 0–10 cm soil layer, organic mat-
ter content was 5.4%, with 3.2 mg kg−1 P (Bray), 4.3 mg kg−1 nitrate-N, and 15 mg kg−1

ammonium-N (KCl). Concentrations of exchangeable cations (ammonium acetate ex-
traction) included: 228 mg kg−1 Ca, 65 mg kg−1 Mg, 68 mg kg−1 K, <15 mg kg−1 Na,
24 mg kg−1 Al, and 3.1 mg kg−1 H (acidity titration). No fertiliser was applied during the
experimental period to avoid artificial spikes in nutrient uptake. Trees were not pruned
or hedged.

Environmental conditions were monitored hourly using an iMETOS 3.3 weather sta-
tion (Pessl Instruments, Weiz, Austria) situated within 1 km of the experimental area,
recording air temperature, solar radiation and rainfall. Seasonal climatic conditions during
the study period are presented in Figure A1. Average maximum and minimum temper-
atures were 24.0 ◦C and 11.5 ◦C in September, and 24.5 ◦C and 13.3 ◦C in October 2024.
Daily vapour pressure deficit (VPD) (averaged over 24 h) was 0.49 kPa in September and
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0.39 kPa in October. Average solar radiation increased from 212 W m−2 in September to
235 W m−2 in October. There was significant rainfall over a few days in September, with a
total monthly precipitation of 418 mm, while 102 mm fell in October 2024.

2.2. Plant Sampling

Racemes of the cultivars Daddow, 849, A38, and A203 were collected weekly for
10 weeks (from 4 September 2024 to 4 November 2024), commencing at anthesis. Those
cultivars were chosen based on their availability and popularity in Australian macadamia
cultivation. The experimental design was a randomised block with four replicate rows
per cultivar, each row comprising 30 trees. Each row was considered one true replicate.
For each row, 30 entire racemes were excised at the branch junction, placed immediately
into plastic bags, and bulked into one composite sample for subsequent analysis. Samples
were maintained under cool conditions and processed within 1 h of collection. On the final
sampling date, two recently matured, fully expanded leaves were collected from each tree
at the second to third youngest node position [32].

Flowers and fruitlets were removed from the raceme and were dried until constant
weight at 60 ◦C. The tissues were ground with a coffee grinder (Anko CG9701B-SA, Kmart,
Ballina, Australia), followed by a tissue lyser (Qiagen Retsch TissueLyser II, Richmond
Scientific, Lancashire, Great Britain, UK). The powdered tissues (<2mm) were redried in an
oven at 40 ◦C until constant weight before weighing for nutrient or carbohydrate analyses.

2.3. Plant Carbohydrate Analysis

Starch and soluble sugars (sucrose, glucose and fructose) were quantified enzymati-
cally using commercial assay kits from Megazyme (Bray, Ireland) according to the man-
ufacturer’s protocols. Soluble sugars were extracted in aqueous ethanol (80%) at 80 ◦C;
glucose and fructose were measured sequentially via hexokinase/glucose-6-phosphate
dehydrogenase with NADPH detection at 340 nm, and sucrose was determined following
enzymatic hydrolysis with invertase. Concentrations were calculated from glucose or
NADPH equivalents and expressed on a dry weight basis. Starch in the remaining sample
was solubilized in dimethylsulfoxide and hydrolysed to glucose using thermostable α-
amylase and amyloglucosidase, and glucose was quantified colourimetrically using glucose
oxidase/peroxidase at 510 nm with a microplate spectrophotometer (Multiskan Skyhigh,
ThermoFisher Scientific, Brisbane, Australia).

2.4. Plant Nutrient Analysis

Nitric acid-digested samples were analysed by inductively coupled plasma mass
spectrometry (NexION 2000B ICPMS, PerkinElmer, Shelton, CT, USA) using the standard
method APHA 3125 for the quantification of macro- and micronutrients at the Environmen-
tal Analysis Laboratory, Southern Cross University, Lismore. Nitrogen (N) and Sulfur (S)
were assessed on dried tissue with a combustion elemental analyser (TruMac CNS, Leco
Corp, St. Joseph, MI, USA).

2.5. Data Analysis

Data were analysed using linear mixed models (LMMs) in Genstat (v. 23.1). The
experiment followed a randomised complete block design (RCBD) with four cultivars
replicated across four blocks and 6–9 sequential sampling dates per row, depending on
the variable measured. Models were fitted using residual maximum likelihood (REML) to
account for spatial and temporal dependence in the dataset. Fixed effects included cultivar,
sampling date, and their interaction (cultivar × sampling date), while the random structure
was specified as Block/RowID to reflect rows nested within blocks. Repeated measurements
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over time were modelled using a first-order autoregressive covariance structure applied to
sampling date, allowing correlations to decline with increasing temporal separation.

Principal component analysis (PCA) was performed using the correlation matrix to
examine patterns of covariation among nutrient variables across cultivars and sampling
dates. The analysis incorporated all observations from the four cultivars over the first
30 days after flowering (DAF). Principal components were derived by eigenanalysis, gener-
ating orthogonal linear combinations of the original variables that successively maximised
explained variance. Component loadings were used to assess the contribution of individual
nutrients to each principal component, thereby identifying key parameter associations.
The interpretation focused on the first two principal components, supported by biplot
visualisation to illustrate nutrient and TNSC interrelationships.

3. Results
3.1. Raceme Development

At anthesis (0 DAF), Daddow raceme dry weight was lowest at 0.47 ± 0.01 g, compared
to 1.13–1.34 g for the other three cultivars (F3,9 = 24.8, p = 0.001) (Figure 1A). Raceme
dry weight declined in all four cultivars over the first month of sampling. As Daddow
racemes senesced and abscised after 35 DAF, no data were available for this cultivar beyond
this time.
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Figure 1. Developmental changes in (A) raceme and (B) rachis dry weight (Dwt) in cultivars 849,
A203, A38, and Daddow. Means ± SEM, n = 4. Sampling date and cultivar were significant for both
parameters (p < 0.001). There were no significant cultivar × sampling date interactions. DAF refers
to days after flowering. ** and *** indicate significance of cultivar differences at p < 0.01 and 0.001,
respectively, at each DAF.
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Beyond 42 days after flowering (DAF), raceme dry weight rose exponentially in the
other three cultivars, attaining 5.87 ± 1.3 g for cv. A38, 3.73 ± 0.71 g for cv. A203 and
2.26 ± 0.63 g for cv. 849 (F3,9 = 5.75, p = 0.040). Rachis dry weight at anthesis was lowest for
cv. Daddow (F3,9 = 31.8, p = 0.001) but increased in all four cultivars from 21 DAF onwards
attaining 0.86 ± 0.1 g in cv. A38, 0.53 ± 0.06 g in cv. A203 and 0.44 ± 0.09 g in cv. 849 by
63 DAF (F3,9 = 7.08, p = 0.026) (Figure 1B).

At full bloom (0 DAF), flower dry weight was lowest for cv. Daddow at 3.34 ± 0.16 mg
flower−1 while flower dry weight of cultivars A38, A203 and 849 was 3.75 ± 0.17, 3.82 ± 0.45
and 4.71 ± 0.41 mg flower−1, respectively; however, this was not significant (F3,9 = 3.1,
p = 0.08) (Figure 2A). Ovaries initiated biomass accumulation by 28 DAF, and it was lowest
for Daddow at 6.1 ± 0.6 mg ovary−1, followed by cv. 849 at 8.1 ± 0.1, cv. A38 at 12.3 ± 1.5,
and cv. A203 at 12.7 ± 1.6 mg ovary−1 (F3,9 = 4.45, p = 0.035). After 35 DAF, ovaries of cv.
Daddow were no longer present, indicating complete abortion thereafter. At this stage
ovaries weighed 55-70% less than the other three cultivars (F3,9 = 6.51, p = 0.012). By 42 DAF,
cv. A203 weighted 98.9 ± 12.4 mg ovary−1, cv. A38 attained 61.8 ± 9.4 mg ovary−1, and cv.
849 attained 53.1 ± 1.4 mg ovary−1 (F3,9 = 10.90, p = 0.010).
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Figure 2. Developmental changes in (A) individual fruitlet dry weight and (B) fruitlet number
raceme−1 in cultivars 849, A203, A38, and Daddow. Means ± SEM, n = 4. Sampling date, cultivar,
and cultivar × sampling date interaction were significant for both parameters (p < 0.001). *, ** and ***
indicate significance of cultivar differences at p < 0.05, 0.01 and 0.001, respectively, at each DAF.
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At bloom, cv. Daddow had the lowest numbers of flowers raceme−1 at 116 ± 7, while
the other three cultivars had double this, with the highest for cv. A38 and cv. A203 having
276 ± 20 and 263 ± 51 flowers raceme−1, respectively (F3,9 = 9.35, p = 0.004) (Figure 2B). By
28 DAF the remaining ovaries had reduced to less than 10 and averaged 4.1± 1.3 ovaries
raceme−1 for cv. 849, 4.4 ± 1.4 for cv. A203, 9.5 ± 2.5 for cv. A38, but only 1.0 ± 0.7 ovaries
raceme−1 for cv. Daddow (F3,9 = 5.66, p = 0.019).

As a result of abortion, the raceme total flower and fruitlet dry weight declined in all
cultivars by 60–80%, falling to the lowest values at 28 DAF (Figure 3A,B). Cultivar Daddow
ovary weight as a percentage of raceme dry weight did not increase beyond 28 DAF and
continued to decline. However, this date was a turning point for the other cultivars with
rapid increases to 78 ± 3% in cv. 849 and 84–85 ± 2% in the other two cultivars (F3,9 = 4.23,
p = 0.071). See Figure A2 for relative raceme size as well as flower and fruitlet numbers in
the four cultivars.

Figure 3. Total flower (pre-fertilisation) or fruitlet (post-fertilisation) dry weight (A), and percentage
of flower or fruitlet dry weight of total raceme weight (B) during flowering and fruit set of cultivars
849, A203, A38, and Daddow. Means ± SEM, n = 4. Sampling date, cultivar and sampling date ×
cultivar interaction were significant for all parameters (p < 0.001). As Daddow racemes senesced and
abscised after 35 DAF, no data were available for this cultivar beyond this time. ** and *** indicate
significance of cultivar differences at p < 0.01 and 0.001, respectively, at each DAF.
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3.2. Tissue Carbohydrates

Flower and fruitlet fructose (F3,38 = 101.45, p = 0.001), glucose (F3,38 = 35.35, p = 0.001),
sucrose (F3,38 = 53.02, p = 0.001) and total sugar (F3,38 = 48.79, p = 0.001) concentrations
declined by more than half in all four cultivars from full bloom to 28 DAF (Figure 4). At
bloom, sucrose concentrations, were between 220 and 290 mg g−1, which was 1.5–2-fold
higher than fructose or glucose. Daddow sugar concentrations were in the same range as
the other three cultivars, declining from 600 mg g−1 to 150 mg g−1. Starch concentrations
in all cultivars were 100-fold lower than the sugars at flowering but subsequently increased
approximately 4-fold to be between 2 and 3.5 mg g−1 (F3,38 = 20.05, p = 0.001). Starch
concentrations were 30–50% lower for Daddow at 28 DAF (F3,9 = 4.19, p = 0.041). Abscission
of Daddow ovules occurred by 28 DAF, precluding data collection beyond this stage. As a
result of the relatively minute concentrations of starch relative to the sugars, flower and
fruitlet total non-structural carbohydrates (TNSCs) also declined 2–5-fold over this period
(F3,38 = 138.49, p = 0.001).

Figure 4. Developmental changes in flower (pre-fertilisation) and fruitlet (post-fertilisation) total
non-structural carbohydrate concentrations (mg g−1) in cultivars 849, A203, A38, and Daddow.
Means ± SEM, n = 4. Sampling date was significant for fructose (p < 0.001), glucose (p < 0.001),
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sucrose (p < 0.001), starch (p < 0.001), sugars (p < 0.001), and TNSCs (p < 0.001). Cultivar was
significant for fructose (p < 0.01), sugars (p < 0.05), and TNSCs (p < 0.01). The cultivar × sampling
date interaction was significant for sucrose (p < 0.01), sugars (p < 0.001), and TNSCs (p < 0.001).
*, ** and *** indicate significance of cultivar differences at p < 0.05, 0.01 and 0.001, respectively, at
each DAF.

The fructose (F3,45 = 2.13, p = 0.109) and sucrose (F3,45 = 1.72, p = 0.177) concentrations
in the rachis of Daddow racemes were not unlike those of the other cultivars (Figure 5).
However, Daddow rachis glucose concentrations were 45% lower than the other three
cultivars for the first sampling date, at 35 relative to 65 mg g−1 (F3,9 = 4.19, p = 0.041). At
less than 5 mg g−1, rachis starch concentrations were a fraction of that of the sugars. Prior
to senescing, Daddow rachis starch concentrations increased from 1.3 to 3.1 mg g−1, but it
was significantly lower from the other cultivars only at anthesis (F3,9 = 3.94, p = 0.048). The
other cultivars also peaked between 21 and 28 DAF, prior to declining.

 
Figure 5. Developmental changes in rachis total non-structural carbohydrate concentrations (%) in
cultivars 849, A203, A38, and Daddow. Means ± SEM, n = 4. Sampling date was significant for
fructose (p < 0.001), glucose (p < 0.001), sucrose (p < 0.001), sugars (p < 0.001,) starch (p < 0.001) and
TNSCs (p < 0.001). Cultivar was significant for fructose (p < 0.05), glucose (p < 0.01), sugars (p < 0.05),
starch (p < 0.001), and TNSCs (p < 0.05). The cultivar × sampling date interaction was not significant
for any parameter. * indicates significance of cultivar differences at p < 0.05 at each DAF.
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A PCA of ovary number, ovary dry weight, ovary TNSCs and rachis TNSCs over the
first four sampling dates (up to 30 DAF) of the combined four-cultivar dataset indicates
that ovary fructose and rachis fructose concentrations were more closely associated with
ovary number in comparison with the starch and the other sugars (Figures A3 and A4).
However, ovary sucrose and rachis starch concentrations were more closely associated with
ovary dry weight than fructose or glucose concentrations.

3.3. Tissue Nutrient Concentrations

During the first month following full bloom, flower and fruitlet nutrient concentrations
remained stable or increased. However, upon the onset of rapid ovary growth, nutrient
concentrations declined by 50 to 75% (Figures 6 and 7). Daddow N, K, Ca and S concentra-
tions and trends were not unlike those of the other cultivars; however, magnesium (Mg)
was 0.1–0.2 mg g−1 lower at 21 DAF (F3,9 = 13.26, p = 0.001). Boron was the only element in
higher concentration for Daddow, about 20–40% higher than the other cultivars (F3,9 = 8.63,
p = 0.005). This resulted in a 25–20% lower N:B ratio 14 DAF (F3,9 = 7.91, p = 0.01) (Figure 8).
The K:Mg, K:Ca and N:Ca ratios were not unlike those of the other cultivars except for
K:Mg at full bloom, which was 10–30% higher (F3,9 = 31.97, p = 0.001) (Figure 8).

 

Figure 6. Developmental changes in flower (pre-fertilisation) and fruitlet (post-fertilisation) macronu-
trient concentrations (mg g−1) in cultivars 849, A203, A38, and Daddow. Means ± SEM, n = 4.
Ovary enlargement began at 14 DAF. Sampling date was significant for N (p < 0.001), K (p < 0.001),
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P (p < 0.001), S (p < 0.001), Mg (p < 0.001), and Ca (p < 0.001). Cultivar was significant for N (p < 0.001),
P (p < 0.001), Mg (p < 0.001), S (p < 0.05) and Ca (p < 0.001). The cultivar × sampling date interaction
was significant for N (p < 0.001, K (p < 0.05), P (p < 0.001), Mg (p < 0.001), S (p < 0.01), and Ca (p < 0.05).
*, ** and *** indicate significance of cultivar differences at p < 0.05, 0.01 and 0.001, respectively, at
each DAF.

Figure 7. Developmental changes in fruitlet micronutrient concentrations (mg g−1) in cultivars 849,
A203, A38, and Daddow. Means ± SEM, n = 4. Sampling date was significant for Mn (p < 0.001), Na
(p < 0.001), Fe (p < 0.001), B (p < 0.001), Zn (p < 0.001), and Cu (p < 0.001). Cultivar was significant
for Mn (p < 0.001), Na (p < 0.01), Fe (p < 0.05), B (p < 0.001), Zn (p < 0.001), and Cu (p < 0.001). The
cultivar × sampling date interaction was significant for Mn (p < 0.001), Na (p < 0.001), Fe (p < 0.001),
B (p < 0.05), Zn (p < 0.001), and Cu (p < 0.001). *, ** and *** indicate significance of cultivar differences
at p < 0.05, 0.01 and 0.001, respectively, at each DAF.
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Figure 8. Developmental changes in fruitlet N:B, K:Mg, K:Ca and N:Ca in cultivars 849, A203,
A38, and Daddow. Means ± SEM, n = 4. Sampling date was significant for N:B (p < 0.001), K:Mg
(p < 0.001), K:Ca (p < 0.001), and N:Ca (p < 0.001). Cultivar was significant for N:B (p < 0.001), K:Mg
(p < 0.001), K:Ca (p < 0.001), and N:Ca (p < 0.001). The cultivar × sampling date interaction was
significant for N:B (p < 0.001), K:Mg (p < 0.001), K:Ca (p < 0.001), and N:Ca (p < 0.001). *, ** and ***
indicate significance of cultivar differences at p < 0.05, 0.01 and 0.001, respectively, at each DAF.

A PCA of ovary number, ovary dry weight and ovary nutrients over the first four
sampling dates (up to 30 DAF) of the combined four-cultivar dataset indicates that none of
the nutrients were tightly correlated with ovary number (Figure A5). Ovary Mn, Ca and
Mg concentrations were negatively correlated with ovary number. However, P, N and Zn
concentrations were most closely correlated with ovary dry weight. Of the three different
ratios, the K:Ca ratio was most closely correlated with ovary number.

Rachis macronutrient concentrations were in the same range as those of the flowers
or fruitlets apart from N and P which were approximately 50% lower (Figure 9). Of the
micronutrients, iron (Fe), aluminium (Al), and Zn were also significantly lower in the rachis
(Figure 10). As averaged across the sampling dates, the rachis of cv. Daddow contained
lower K (F3,57 = 18.24, p = 0.001), S (F3,57 = 5.47, p = 0.002), and Fe (F3,56 = 3.96, p = 0.012)
concentrations relative to the other cultivars, while Mg (F3,57 = 90.51, p = 0.001) and B
(F3,56 = 29.83, p = 0.001) concentrations were higher. A PCA of the rachis nutrients indicated
that there was no strong driver for ovary number with only 39% of the variation ac-
counted for (Figure A6). Rachis Mn and Na concentrations were negatively correlated with
ovary number.
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Figure 9. Developmental changes in rachis macronutrient concentrations (mg g−1) in cultivars 849,
A203, A38, and Daddow. Means ± SEM, n = 4. Sampling date was significant for N (p < 0.001), K
(p < 0.001), P (p < 0.001), S (p < 0.001), Mg (p < 0.001), and Ca (p < 0.001). Cultivar was significant
for N (p < 0.001), K (p < 0.001), Mg (p < 0.001), and Ca (p < 0.001). The cultivar × sampling date
interaction was significant for N (p < 0.01, P (p < 0.05), Mg (p < 0.001), and S (p < 0.05). *, ** and ***
indicate significance of cultivar differences at p < 0.05, 0.01 and 0.001, respectively, at each DAF.

Leaf nutrient concentrations at 63 DAF are presented in Table 1. Leaf N concentration
was highest for Daddow and A38 at 17–18 mg g−1 (F3,12 = 10.86, p = 0.001) (Figure 1A).
Conversely, leaf Ca and Mg were lower for Daddow as well as cv. 849. Manganese (Mn)
and sodium (Na) concentrations were also lower for Daddow and cv. 849 relative to the
two other cultivars. The remaining nutrients in Daddow leaves were in the same range as
the other cultivars.
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Figure 10. Developmental changes in rachis micronutrient concentrations (mg g−1) in cultivars
849, A203, A38, and Daddow. Means ± SEM, n = 4. Sampling date was not significant for Mn but
was significant for Na (p < 0.001), Fe (p < 0.001), B (p < 0.001), Zn (p < 0.001), and Cu (p < 0.001).
Cultivar was significant for Mn (p < 0.001), Na (p < 0.01), Zn (p < 0.001), and Cu (p < 0.01). The
cultivar × sampling date interaction was significant for Na (p < 0.001), Fe (p < 0.001), Zn (p < 0.001),
and Cu (p < 0.05). *, ** and *** indicate significance of cultivar differences at p < 0.05, 0.01 and 0.001,
respectively, at each DAF.
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Table 1. Leaf nutrient concentrations at 63 DAF in cultivars 849, A203, A38, and Daddow.
Means ± SEM, n = 4.

Nutrient
(mg g−1) 849 A203 A38 Daddow Cultivar

(F3,9, p)

N 16.75 ± 0.25 b 15.25 ± 0.25 a 17.40 ± 0.24 bc 18.25 ± 0.63 c 10.86, 0.001
K 5.41 ± 0.19 b 4.81 ± 0.28 ab 4.68 ± 0.27 a 4.16 ± 0.19 a 6.61, 0.007
Ca 4.95 ± 0.26 a 7.24 ± 0.20 b 7.35 ± 0.54 b 4.64 ± 0.22 a 15.10, 0.001
Mg 0.82 ± 0.01 a 1.27 ± 0.07 c 1.02 ± 0.04 b 0.83 ± 0.03 a 31.04, 0.001
S 1.53 ± 0.05 ab 1.43 ± 0.03 ab 1.32 ± 0.04 a 1.60 ± 0.08 b 4.82, 0.020
P 0.99 ± 0.02 ab 0.90 ± 0.04 a 1.02 ± 0.04 b 0.96 ± 0.03 ab 2.99, 0.074

Mn 1.27 ± 0.14 a 3.07 ± 0.16 b 2.54 ± 0.30 b 1.03 ± 0.12 a 18.03, 0.001
Al 0.0747 ± 0.005 ab 0.1000 ± 0.011 b 0.0666 ± 0.004 a 0.0593 ± 0.009 a 5.70, 0.018
Fe 0.0638 ± 0.004 a 0.0899 ± 0.008 a 0.0758 ± 0.004 a 0.0746 ± 0.011 a 1.86, 0.189
Na 0.0455 ± 0.003 a 0.154 ± 0.014 b 0.191 ± 0.015 b 0.043 ± 0.002 a 49.88, 0.001
B 0.0319 ± 0.0006 a 0.0376 ± 0.0001 ab 0.0449 ± 0.0004 b 0.0298 ± 0.001 a 4.34, 0.027

Cu 0.0035 ± 0.0007 a 0.0039 ± 0.0009 a 0.0040 ± 0.0002 a 0.0037 ± 0.0001 a 2.52, 0.107
Zn 0.0084 ± 0.0002 a 0.0083 ± 0.0005 a 0.0093 ± 0.0003 a 0.0089 ± 0.0006 a 1.97, 0.172

Different letters indicate significant differences between cultivars.

4. Discussion
The macadamia racemes in this study contained 100–300 flowers, but less than 3% de-

veloped into mature nuts. Flower and fruitlet abortion was extensive in all four culti-
vars examined, but in Daddow, this was nearly complete so that no fruit developed on
these racemes. At 100% anthesis, Daddow racemes were shorter with lower rachis dry
weight and up to 50% fewer flowers. Pollination, ovule fertilisation, petal senescence
and visible onset of fruit growth occurred within 2 weeks of bloom for the three other
cultivars, but not for Daddow. Very few ovaries initiated growth, and those that did were
aborted soon after. This could be due to a sink failure or a source failure. A sink failure
suggests failed fertilisation due to ineffective pollination, or early embryo abortion due
to external biotic or abiotic stresses. Heavy rain (200 mm) from 23 to 25 DAF did not
hinder the onset of ovary expansion in the other three cultivars. Given their synchro-
nised phenology, this weather event was likely not the cause of Daddow’s high abortion
rates. Instead, its chronic low yield suggests internal constraints, potentially related to
the resources required for fruit development. A source failure leads to a nutrient or car-
bohydrate deficit within the fruitlet and its subsequent abortion [16,33]. Carbohydrate
availability is critical for fruitlet retention, not only as a metabolic substrate for growth
but also through its regulatory role in sugar signalling pathways [34]. For instance, low
carbohydrate availability is associated with reduced auxin signalling while enhancing
ethylene biosynthesis and sensitivity, thereby promoting abscission [35]. Sink competi-
tion, including between vegetative and reproductive tissues, may exacerbate carbohydrate
depletion [36]. Daddow’s vigorous canopy [28] likely increases competition with repro-
ductive organs for resources. Moreover, the dense canopy results in significant shading,
potentially further reducing the canopy net C assimilation rate and exacerbating carbo-
hydrate limitation.

To investigate the sink failure hypothesis, pollination and fertilisation were assessed.
At anthesis, the flowers of all four cultivars contained high sugar concentrations, and this
is likely because these delicate structures with low biomass are nectar-producing [37]. The
nectary disc is positioned on the base of the ovary inside the perianth and produces sugars
to attract insects [38,39]. The sugar concentration in the flowers of Daddow were similar to
the other three cultivars, suggesting there was sufficient insect attractant. The sugars of
the stigma and style may also provide energy for pollen germination and tube growth [40].
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Given the success of Daddow as a cross-pollinating cultivar [28], these results indicate that
rather than pollination, fertilisation or post-fertilisation factors are likely important to the
low yields of this cultivar.

To assess the source failure hypothesis, rachis and fruitlet TNSCs were considered. In
macadamia, there is good evidence that carbohydrate effects are local rather than whole-
tree [41]. However, the extent of this localisation may depend on source–sink relationships.
In tree crops more broadly, mobilisation of carbohydrate reserves from distal tissues,
including roots, trunk and structural branches, has been shown to partially contribute to
reproductive sink requirements under periods of high demand, such as intense flowering
or heavy crop load [6,42]. In a macadamia pruning study, increased post-pruning shoot
growth decreased stem TNSCs and increased fruit abscission [41]. These effects were
localised to the same branches, suggesting that carbohydrate supply within the immediate
axis (shoot/inflorescence system) matters.

Rachis glucose and starch concentrations were lower for Daddow relative to the
other cultivars. While there is limited direct evidence that TNSC concentration within
the rachis itself regulates fertilisation or fruit set, this portion of the raceme can gain
reasonable increases in secondary girth over the season, acting as potential sites for TNSC
storage and mobilisation. The considerably lower dry weight of the Daddow raceme
from the onset of anthesis may be contributing to lower TNSC availability for pollination,
fruit set and retention. Moreover, because the rachis holds the conduits for carbohydrate
transport [43], the low TNSC concentrations in the rachis may suggest limited source
supply from its local branches. Given that glucose functions as an important signalling
molecule during fruit set, its reduced concentration in the rachis of Daddow may further
constrain fruitlet retention by limiting cell division and promoting cell death [44]. In
addition to its signalling role, glucose provides a key substrate for cellular respiration and
biosynthetic processes supporting cell division and expansion during tissue growth and
development [45].

Starch concentrations of Daddow flowers at anthesis were similar to those of the other
cultivars but did not increase as rapidly over the first month following anthesis, resulting in
up to 50% lower concentrations prior to abortion. This suggests sluggish accumulation of
carbon reserves to support fruit retention. In other tree crops, including avocado [46] and
apricot [47], flowers with a lower percentage of subsequent fruit set also tend to contain less
starch. Starch accumulated in floral tissues can be remobilised during and after anthesis,
supporting fertilisation and early fruit development, including ovary growth, pollen tube
progression and early embryo development [47]. As such, lower starch reserves may reduce
sink strength and increase the likelihood of early fruitlet abortion [48].

Boron is critical for pollen tube growth and fertilisation [49,50]. Leaf B was low for all
cultivars compared to recommended standards [32], but not significantly lower for Daddow.
Examining nutrient levels within the flowers and fruitlets themselves could provide further
insight into Daddow’s inferior fruit set rates. However, as with leaf, flower and fruitlet B
concentrations, Daddow’s concentrations were not lower than those of the other cultivars,
suggesting that B was not limiting. Fruitlet Zn was somewhat lower for Daddow compared
to the fruitlets of the other cultivars. Zn is critical for auxin production [51,52] to maintain
fruit retention [53]. Additionally, Ca is critical for membrane stability and cell division
shortly after pollination [54,55]. Leaf Ca was low in Daddow and in cv. 849, however
fruitlet Ca was not lower for Daddow compared to the others. Overall fruitlet Ca was
higher than leaf Ca, which is consistent with successful transport to the fruitlet.
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The nutrients of the Daddow rachis were in the same range as the other cultivars, with
the exception of K. This macronutrient was lower in Daddow leaves relative to the other
cultivars. Potassium plays a central role in phloem loading and transport of sugars [19]. It
regulates osmotic gradients that drive sucrose movement, and when K is low, fruitlets may
become carbon starved. Potassium also regulates osmotic potential, thereby promoting
cell expansion in the fruitlet. If the rachis cannot supply adequate K, the fruitlets cannot
maintain adequate turgor. Furthermore, adequate K supports auxin activity [56], a hormone
that suppresses abscission zone formation [57]. Taken together, low K in the rachis may tip
the balance towards higher fruit drop.

5. Conclusions
We can infer from these results that Daddow plants committed nutrient and carbo-

hydrate resources to the rachis and flowers. However, this commitment ceased at around
fruit set and the formation of abscission zones was not suppressed. The high rate of fruitlet
abscission in Daddow shortly after anthesis is consistent with inadequate maternal carbo-
hydrate rather than low sink strength. Additionally, lower levels of K may have contributed
to the low fruit set rates of this cultivar.
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Appendix A

 
Figure A1. Daily maximum and minimum temperature, precipitation (A) and average daily VPD
and solar radiation (B) during the sampling period.
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At 80% full bloom: Some reflexed styles but most stigma and stamens are released. 

 

 

At 7 DAF: Swollen stigmas. Sepal and stamen senescence. 

 
 

At 14 DAF: All flower parts except the gynoecium have abscised. 

 

 

Figure A2. Cont.
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At 28 DAF Gynoecium abscission and swelling of remaining fertilised ovaries in culti-
vars 849, A203 and A38. 

 
 

At 35 DAF: Fruitlet abortion and swelling of remaining ovaries. 

 

 

At 42 DAF: Fruit growth. 

 

 

Figure A2. Cont.
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At 49 DAF: Fruit growth. 

Figure A2. Flowering, fruit set, abortion and fruit growth of four macadamia cultivars. The panels on
the left compare all four cultivars in order from left to right: Daddow, 849, A203 and A38. The panels
on the right are a close-ups of Daddow racemes until 28 DAF, beyond this are close-ups of A38 as
Daddow racemes had senesced beyond this point.

Figure A3. PCA of ovary number, ovary dry weight and ovary TNSCs over the first four sampling
dates (up to 30 DAF) of the combined four-cultivar dataset. Vector length reflects the strength
of each nutrient’s contribution to the principal components. The angle between vectors indicates
the correlation among parameters (acute angles = positive correlation; obtuse angles = negative
correlation; right angles ≈ no correlation).
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Figure A4. PCA of ovary number, ovary dry weight and rachis TNSC over the first four sampling
dates (up to 30 DAF) of the combined four-cultivar dataset. Vector length reflects the strength
of each nutrient’s contribution to the principal components. The angle between vectors indicates
the correlation among parameters (acute angles = positive correlation; obtuse angles = negative
correlation; right angles ≈ no correlation).

Figure A5. PCA of ovary number, ovary dry weight and ovary nutrients over the first four sampling
dates (up to 30 DAF) of the combined four-cultivar dataset. Vector length reflects the strength of
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each nutrient’s contribution to the principal components. The angle between vectors indicates
the correlation among parameters (acute angles = positive correlation; obtuse angles = negative
correlation; right angles ≈ no correlation).

Figure A6. PCA of ovary number, ovary dry weight and rachis nutrients over the first four sampling
dates (up to 30 DAF) of the combined four-cultivar dataset. Vector length reflects the strength
of each nutrient’s contribution to the principal components. The angle between vectors indicates
the correlation among parameters (acute angles = positive correlation; obtuse angles = negative
correlation; right angles ≈ no correlation).
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