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Abstract
1. Pollination services are critical in entomophilous crops. Relationships between 

pollinator visits and fruit set and mass are complex and optimal strategies to 
improve pollination are poorly defined. We often do not understand what pro-
portions of the crop result from self-  or cross- pollination, how cross- pollination 
affects crop quality and how far cross- pollen is transported.

2. We quantified proportions of self-  and cross- paternity in nuts of the partially self- 
incompatible macadamia cultivar 816 at increasing distances from cross- pollen 
sources. We estimated the distance of effective pollen movement, evaluated how 
pollination by different parents affected nut size and nutritional quality, and as-
sessed whether distance from a cross- pollen source determined proportions of 
cross- pollinated nuts, nut size and number of nuts harvested.

3. Almost all nuts resulted from cross- pollination, even at 184 m (23 rows) from a 
cross- pollen source. The cross- pollen cultivars in closest proximity were usually 
the pollen parents. Cross- pollination increased nut size and altered kernel nutri-
tional quality. The number of harvested nuts decreased with increasing distance 
from a cross- pollen source in one orchard. Nut size was generally not affected by 
distance from a cross- pollen source.

4. Synthesis and applications. Macadamia nut production resulted almost entirely 
from cross- pollination. Crop production was dependent on across- orchard trans-
port of cross pollen, sometimes over at least 184 m. This shows the importance of 
pollen genotype, not just pollen quantity, in ensuring an effective pollination ser-
vice. The number of harvested nuts decreased at 24 m from a cross- pollen source, 
suggesting that different cultivars should be inter- planted more closely in macada-
mia orchards. We need to better understand pollinator behaviour, including what 
genotype of pollen the different flower visitors carry, and how far and in what 
direction they transport pollen across orchards, to optimise crop yield and quality.
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1  | INTRODUC TION

Pollination is essential for most plant reproduction in natural and 
agricultural ecosystems (Ashman et al., 2004; Ricketts et al., 2008). 
Around 70% of food crops rely to some extent on animal pollina-
tion (Klein et al., 2007) and the proportion of global food produc-
tion that is pollinator- dependent is increasing (Aizen et al., 2008). 
Effective pollinators have been identified for some crops, with fruit 
set linked to pollinator density, the number of foraging visits, or the 
number of pollen grains deposited on the stigma by different pol-
linators (Gagic et al., 2019; Pisanty et al., 2016; Rader et al., 2016; 
Stavert et al., 2018). However, the amount of pollen deposited on 
the stigma does not always increase reproductive success, because 
the type of pollen may also be important (Willcox et al., 2017). 
Successful pollination may not lead to fertilisation because of ge-
netic incompatibility mechanisms on the stigma and in the style and 
ovary (Lewis, 1949), and it might not lead to mature fruit produc-
tion because of selective abortion of some genotypes of developing 
fruitlets (Stephenson, 1981).

Cross- pollination of clonally propagated crops, such as most tree 
nuts, avocado and raspberry, occurs when a stigma of one cultivar 
receives pollen from another cultivar, whereas self- pollination oc-
curs when a stigma of one cultivar receives pollen from the same 
cultivar (Stahl et al., 2019; Żurawicz et al., 2018). Cross- pollination 
is required in self- incompatible species (Aizen & Harder, 2009; Fujii 
et al., 2016; Gibbs, 2014). Cross- pollination can also be beneficial 
in self- compatible species with early- acting inbreeding depression 
(Aizen & Harder, 2007; Gibbs, 2014; Krebs & Hancock, 1990; Wiens 
et al., 1987). Furthermore, cross- pollination can increase size, im-
prove shape and optimise nutritional quality and shelf life (Brittain 
et al., 2014; Isaacs & Kirk, 2010; Klatt et al., 2014). Increased nutri-
tional quality also provides health benefits for consumers; for ex-
ample cross- pollination can alter the fatty acid profile of almonds, 
potentially providing stronger cardioprotective effects (Brittain 
et al., 2014; Jalali- Khanabadi et al., 2010), and changes in fruit quality 
can improve commercial value (Garratt et al., 2014; Klatt et al., 2014). 
The effect of different pollen parents on fruit characteristics is a phe-
nomenon termed xenia (Denney, 1992; Liu, 2018). For most crops, 
we do not know how much of the crop at harvest has resulted from 
self-  versus cross- pollination, nor do we understand the effects of 
self-  versus cross- pollination on quality parameters such as seed size 
or nutritional quality.

Tree orchards are often established with only a few clones, 
known as cultivars (Frankel & Galun, 1977). Distances between trees 
of different cultivars are often large because single cultivars are 
planted in wide blocks. This planting design can simplify farm man-
agement practices (Trueman et al., 2000). However, planting trees 
in wide single- cultivar blocks poses a challenge for ensuring cross- 
pollination. If distances between cultivars are large, then pollinators 
must travel long distances across the orchard to transfer pollen be-
tween cultivars. Studies have assessed the distance of cross- pollen 
transport by bees in crops but few have investigated the implications 
for yield and quality, and these are mainly limited to apple, oilseed 

rape and chestnut (Chifflet et al., 2011; Kron et al., 2001; Matsumoto 
et al., 2008; Nishio et al., 2019).

The subtropical tree- nut crop, macadamia (Macadamia integ-
rifolia, M. tetraphylla and hybrids), has partially self- incompatible 
flowers and exhibits more and longer pollen tube growth after 
cross- pollination than self- pollination (Sedgley, 1983). Macadamia 
trees are mass- flowering and insects such as honeybees and sting-
less bees, not wind, are the main pollen vectors (Howlett et al., 2015; 
Olesen et al., 2011; Trueman, 2013; Urata, 1954). Abortion rates of 
flowers and fruitlets are high, and fruit thinning is not performed 
because less than 3% of flowers develop into mature fruit (Grass 
et al., 2018; Howlett et al., 2019; Trueman & Turnbull, 1994a, 1994b; 
Wallace et al., 1996). Orchards are typically established either with 
cultivars in: (a) narrow single- cultivar blocks (narrow- block orchards); 
or (b) wide single- cultivar blocks (wide- block orchards). All cultivars 
are harvested, with no macadamia cultivar planted solely as a pollini-
ser. The effect of different cross- pollen parents on macadamia nut 
size has been reported (Herbert, Walton, & Wallace, 2019a, 2019b), 
but no study has compared the mass or quality of cross- pollinated 
macadamia nuts with those of self- pollinated macadamia nuts. Early 
studies compared nuts arising from supplementary- pollinated flow-
ers and open- pollinated flowers, but the paternity of nuts from each 
treatment was not analysed (Trueman & Turnbull, 1994a; Wallace 
et al., 1996). Recent studies suggest that most nuts in both treat-
ments were likely to have arisen from cross- pollination (Langdon 
et al., 2019; Richards et al., 2020). Paternity testing of the crop is a 
novel approach to understand the contribution of self-  versus cross- 
pollination to crop yield and commercial value. Paternity testing is 
also an efficient method to determine how far cross pollen is effec-
tively transported across the orchard by bees.

We aimed to assess how important across- orchard transport of 
pollen is to crop production in macadamia. We tested if, and how 
far, cross pollen was effectively transferred across orchard rows. 
Specifically, we aimed to determine whether the proportions of cross- 
pollinated nuts, and nut size (nut- in- shell mass, kernel mass and ker-
nel:shell ratio), varied at different distances from a cross- pollen source. 
We aimed to identify the minimum distance of effective pollen trans-
fer, and to evaluate how pollen parentage affected nut size and min-
eral nutrient concentrations and fatty acid composition of the kernel. 
Finally, we aimed to assess the number of nuts harvested from the 
orchard floor at different distances from a cross- pollen source. We hy-
pothesised that there would be a greater proportion of self- pollinated 
nuts with increasing distance from a cross- pollen source because we 
expected pollen to be transported over short distances. We also hy-
pothesised self- pollination would decrease nut size and quality.

2  | MATERIAL S AND METHODS

2.1 | Study sites and design

We performed two experiments, one in each of two commercial 
macadamia orchards in the Bundaberg region, Queensland, Australia 
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(24°47′54″S 152°17′36″E and 24°56′7″S 152°21′16″E). The first ex-
periment was located in an orchard comprised of many cultivars (mostly 
A4, A203, 741, 816 and 842), with each cultivar planted in narrow 
blocks of five rows, hereafter referred to as the ‘narrow- block orchard’ 
(Figure S1a). This orchard covers ~250 ha, and 150– 250 European hon-
eybee hives were placed at five locations within the orchard during 
flowering. Tree spacing was 10 m between rows and 2 m within rows. 
The second experiment was located in an orchard comprised of wide 
blocks of 42 rows of a single cultivar, 816, planted next to 48 rows of 
another cultivar, Daddow, hereafter referred to as the ‘wide- block or-
chard’ (Figure S1b). Further rows of Daddow and then 816 trees were 
planted immediately West- South- West of the wide 816 block. A few 
storm- damaged trees in the 816 block had been replaced recently with 
cultivar 741 trees. This orchard covers ~45 ha, and 80 European hon-
eybee hives were placed at three locations within the orchard during 
flowering. Tree spacing was 8 m between rows and 4 m within rows.

We sampled fruit of cultivar 816 at different distances from a 
cross- pollen source in each orchard. This cultivar, like most macadamia 
cultivars, is considered to have a partially self- incompatible breeding 
system (Howlett et al., 2019; McConchie et al., 1998). We sampled six 
replicate transects in each orchard. Each transect in the narrow- block 
orchard consisted of individual trees in the first row (10 m), second row 
(20 m), third row (30 m) and fourth row (40 m) from one of the cross- 
pollen sources. This meant that the fourth row was two rows (20 m) 
from another pollen source, because each cultivar was planted in 
blocks of five rows. Each transect in the wide- block orchard consisted 
of individual trees at five sampling points at 8, 16, 24, 80 and 184 m (1, 
2, 3, 10 and 23 rows) from the cross- pollen source. At each sampling 
point, we collected 15 mature fruit from the tree on each of two occa-
sions during the harvest season. The six transects in each experiment 
were spaced widely over the entire orchard, with a distance between 
transects of 354 ± 83 m (mean ± SE) in the narrow- block orchard and 
72 ± 19 m in the wide- block orchard. Samples were collected randomly 
from the orchard floor after raking fruit from under one side of the 
canopy. The number of fruit under one side of the canopy of each tree 
was counted on each occasion. We also collected a leaf sample from 
each tree for genotyping to confirm its cultivar identity. Six fruit per 
harvest were selected randomly from each tree for further processing.

The fruit from each tree was de- husked before drying at 37℃ 
for 2 days, 45℃ for 2 days and 57℃ for 2 days (Meyers et al., 1999). 
Each nut was weighed before and after cracking to determine its 
nut- in- shell (NIS) mass, kernel mass and kernel recovery; that is the 
percentage of NIS mass comprised of kernel. Individual nuts were 
placed in a plastic bag and crushed with a mortar and pestle. Three 
subsamples were taken, consisting of (a) ~50 mg to assess the geno-
type; (b) ~500 mg to determine mineral nutrient concentrations and 
(c) the remainder to assess fatty acid composition.

2.2 | Paternity testing

DNA extraction followed the protocol for glass- fibre plate DNA ex-
traction (Ivanova et al., 2008). Extracted DNA was amplified at five 

microsatellite loci (Nock et al., 2014). Genotypes were generated 
using an AB 3500 Genetic Analyser (Applied Biosystems) and allele 
sizes scored relative to an internal standard (600 LIZ® Size Standard, 
Applied Biosystems). The pollen parent of each nut was assigned 
using the software CERVUS version 3.0.7 (Kalinowski et al., 2007). 
Detailed methods are provided in the Supporting Information.

2.3 | Mineral nutrients and fatty acids

We determined the concentrations of 14 nutrients and the fatty acid 
composition in a subset of 47 kernels from the narrow- block orchard. 
The subset consisted of all self- pollinated kernels and kernels from 
the most abundant cross- pollen parents. Nutrient concentrations 
were determined as described by Richards et al. (2020). Oil extrac-
tion and fatty acid analysis followed the protocol of Bai et al. (2019). 
Details are provided in the Supporting Information.

2.4 | Statistical analysis

We calculated the proportions of cross- pollinated nuts per tree. For 
each orchard, we tested whether distance from a cross- pollen source 
affected the proportion of cross- pollinated nuts (GLM with binomial 
distribution and logit link function). We also tested whether distance 
from a cross- pollen source affected nut- in- shell mass, kernel mass, 
kernel recovery (mixed models with linear distribution and identity 
link function) and number of nuts harvested (mixed models with neg-
ative binomial distribution and log link function). We assessed the 
minimum distance of effective pollen transport and tested whether 
different distance categories affected the relative contribution to 
nut paternity (Kruskal– Wallis tests). We compared self- pollinated 
nuts and nuts that were assigned to specific cross- pollen parents for 
(a) nut- in- shell mass, (b) kernel mass, (c) kernel recovery, (d) concen-
trations of each of the 14 mineral nutrients, (e) relative contributions 
of ten fatty acids to the total fatty acid composition and (f) relative 
contributions of saturated and unsaturated fatty acids to the total 
fatty acid composition [GLM with linear distribution and identity 
link function, or Tweedie distribution with log link function (sodium 
only)]. Details of statistical methods are provided in the Supporting 
Information.

3  | RESULTS

3.1 | Paternity and nut size at different distances 
from a cross- pollen source

At least 80%– 82% of nuts (N = 234; cv. 816) in the narrow- block 
orchard resulted from cross- pollination and as few as 0%– 8% from 
self- pollination (Figure 1A). The remaining nuts (12%– 19%) could 
not be assigned as either self-  or cross- pollinated at a 95% level of 
confidence (Figure 1A). Similarly, 83%– 92% (N = 297; cv. 816) of 
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nuts in the wide- block orchard were cross- pollinated and as few 
as 0%– 2% were self- pollinated (Figure 1B). Again, the remaining 
nuts (7%– 15%) could not be assigned as self-  or cross- pollinated 
(Figure 1B). The percentage of cross- pollinated nuts was not af-
fected by distance from a cross- pollen source, that is number of 
rows, in either orchard (Figure 1A: narrow- block orchard: Z = 0.29, 
p = 0.77; Figure 1B: wide- block orchard: Z = −0.75, p = 0.45). The few 
self- pollinated nuts were found at a range of distances from a cross- 
pollen source in both orchards. Distance from a cross- pollen source 
affected nut- in- shell mass in the wide- block orchard, with nut- in- 
shell mass lower in row 3 than row 1 (Figure 2; F = 4.21, p = 0.01), 
whereas distance from a cross- pollen source did not affect nut- in- 
shell mass in the narrow- block orchard (F = 0.01, p = 0.96). Distance 
from a cross- pollen source did not affect kernel mass (narrow- block 
orchard: F = 0.21, p = 0.89; wide- block orchard: F = 2.69, p = 0.06) 
or kernel recovery (narrow- block orchard: F = 1.60, p = 0.19 wide- 
block orchard: F = 0.77, p = 0.56; Supporting Information).

3.2 | Distance of effective pollen movement

Specific pollen parents were assigned to 71 cross- pollinated nuts in 
the narrow- block orchard and, of those, 38 nuts were pollinated by 
cv. 842. The remaining 33 nuts were pollinated by other cultivars 
(Figure 3A). Another seven nuts were self- pollinated (Figure 3A). 
Specific pollen parents were assigned to 143 cross- pollinated nuts 
in the wide- block orchard. Of those, 125 nuts were pollinated by cv. 
Daddow, and the remaining 18 nuts were pollinated by other culti-
vars (Figure 3B). Another three nuts were assigned as self- pollinated 
(Figure 3B).

Distance to different pollen parents significantly affected the rel-
ative contributions to nut paternity, that is the number of nuts sired, 
in the narrow- block orchard (Figure 3A; KW χ2 = 10.42, p = 0.02). 
More nuts arose from a pollen- parent cultivar that was 10– 50 m 
away than from a pollen- parent cultivar that was >1,000 m away 
(Z = −2.56, p = 0.03) or from self- fertilisation (Z = −2.98, p = 0.01). 
In this orchard, 58% of nuts for which a specific pollen parent 
was assigned were pollinated by a cultivar planted 10– 50 m away 
(Figure 3A). A further 12% of nuts were self- pollinated (i.e. 0 m), 20% 
of nuts were pollinated by a cultivar planted 50– 100 m away and 10% 
were pollinated by a cultivar planted >1,000 m away. The number of 
self- pollinated nuts did not differ significantly from the number of 
nuts arising from a pollen parent >1,000 m away (Z = 0.42, p = 0.34).

F I G U R E  1   Percentage of cross- pollinated, self- pollinated and unassigned macadamia cultivar 816 nuts at different numbers of rows from 
a cross- pollen source in two orchard designs. Nuts were sampled along transects starting at trees adjacent to another cultivar (Row 1) and 
ending at Row 4 for (A) the narrow- block orchard where each cultivar was planted in five contiguous rows, or ending at Row 23 for (B) the 
wide- block orchard where two cultivars were planted in blocks of 42 or 48 rows. Means (±SE) for cross- pollination or self- pollination levels 
within an orchard are not significantly different across rows (GLM; p > 0.05; n = 6)

F I G U R E  2   The effect of distance from a cross- pollen source 
on nut- in- shell mass of cv. 816 in a wide- block macadamia orchard 
consisting of large blocks of 42 rows of a single cultivar planted 
next to 48 rows of another cultivar. Means (±SE) with different 
letters are significantly different (linear mixed model; p ≤ 0.05, 
n = 6 trees)
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Distance to pollen parents also affected the percentage of 
nuts sired by different pollen parents in the wide- block orchard 
(Figure 3B; KW χ2 = 13.36, p = 0.001). More nuts arose from the 
pollen- parent cultivar in the neighbouring wide block (i.e. 8– 184 m 
away) than from self- fertilisation (Z = −3.60, p < 0.001) or from a 
pollen- parent cultivar >1,200 m away (Z = −2.34, p = 0.03). The num-
ber of self- pollinated nuts did not differ significantly from the num-
ber of nuts arising from a pollen parent >1,200 m away (p > 0.05). In 
this orchard, 92% of nuts for which a specific pollen parent was as-
signed were pollinated by the cultivar in the neighbouring wide block 
(Figure 3B). Another 2% of nuts resulted from self- pollination (i.e. 
0 m) and 6% were pollinated by a cultivar in a nearby orchard, which 
was 1,200 m away.

3.3 | Effect of pollen parentage on nut size, mineral 
nutrient concentrations and fatty acid composition

Nuts in the narrow- block orchard that were pollinated by Daddow 
and 842 had nut- in- shell masses of 7.35 ± 0.46 g and 6.94 ± 0.18 g, 
respectively, whereas self- pollinated nuts had a nut- in- shell mass 
of 5.55 ± 0.50 g (Figure 4A). Kernel masses of nuts pollinated by 
Daddow and 842 were 3.26 ± 0.23 g and 3.06 ± 0.09 g, respec-
tively, whereas kernel mass of self- pollinated nuts was 1.66 ± 0.15 g 
(Figure 4B). Kernel recoveries of nuts pollinated by Daddow and 842 
were 44.30 ± 1.16% and 44.04 ± 0.54%, respectively, whereas ker-
nel recovery of self- pollinated nuts was 30.15 ± 1.46% (Figure 4C). 
Nuts in the narrow- block orchard that were pollinated by Daddow 
and 842 thus had 25%– 32% higher nut- in- shell mass and 84%– 97% 
higher kernel mass than self- pollinated nuts. These cross- pollinated 
nuts had 13.89%– 14.15% higher kernel recovery (in absolute terms) 

and 46%– 50% higher kernel recovery (in relative terms) than self- 
pollinated nuts. Nuts in the wide- block orchard were almost all 
pollinated by Daddow and so there were insufficient nuts of other 
parentage to compare nut size or nutritional quality between differ-
ent pollen parents.

F I G U R E  3   Relative contributions to nut paternity from cultivars planted at different distances from macadamia cultivar 816 trees in 
(A) the narrow- block orchard where each cultivar was planted in five contiguous rows or (B) the wide- block orchard where two cultivars 
were planted in blocks of 42 or 48 rows. The microsatellite markers were often powerful enough to determine whether a nut arose from 
cross- pollination or self- pollination but, for some samples we could not assign the definite cross- pollen parent. Total contributions with 
different letters within an orchard are significantly different (Kruskal– Wallis test and Dunn's test with Bonferroni corrections; p ≤ 0.05; 
n = 3– 133 nuts)

F I G U R E  4   The effect of pollen parent on (A) nut- in- shell mass, 
(B) kernel mass and (C) kernel recovery of macadamia cultivar 816 
nuts collected from a narrow- block orchard where each cultivar 
was planted in five contiguous rows. Means (±SE) with different 
letters are significantly different (GLM; p ≤ 0.05, n = 7– 18 nuts)
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Cross- pollinated nuts had higher copper, potassium and sodium 
concentrations than self- pollinated nuts (Table 1). Nuts pollinated 
by 842 had higher boron and lower manganese concentrations, and 
nuts pollinated by Daddow had lower calcium concentrations, than 
self- pollinated nuts (Table 1). Nuts pollinated by Daddow had higher 
manganese concentrations than nuts pollinated by 842 (Table 1). 
Carbon, nitrogen, aluminium, iron, magnesium, phosphorus, sulphur 
and zinc concentrations did not differ significantly between cross-  
and self- pollinated nuts.

Cross- pollinated nuts had higher relative abundances of ara-
chidic (C20:0), eicosenoic (C20:1 cis) and heneicosanoic (C21:0) acid 
than self- pollinated nuts, and a lower relative abundance of elaidic 
acid (C18:1 trans) than self- pollinated nuts. Nuts pollinated by 842 
also had higher relative abundances of myristic (C14:0) and palmitic 
acid (C16:0) than self- pollinated nuts (Table 1). Nuts pollinated by 
Daddow had a lower relative abundance of myristic acid (C14:0) 
than nuts pollinated by 842 or self- pollinated nuts (Table 1). Nuts 

pollinated by 842 had a higher proportion of saturated fatty acids 
(SFAs) and a lower proportion of unsaturated fatty acids (UFAs) than 
self- pollinated nuts or nuts pollinated by Daddow (Table 1).

3.4 | Number of nuts at harvest at different 
distances from a cross- pollen source

The number of nuts harvested from the orchard floor, an indica-
tor of final fruit set, was not affected by distance from a cross- 
pollen source, that is number of rows, in the narrow- block orchard 
(Figure 5A; F = 1.13, p = 0.25), whereas the number of nuts harvested 
decreased with increasing distance from a cross- pollen source in the 
wide- block orchard (Figure 5B; F = 5.47, p < 0.01). The number of 
harvested nuts declined by three rows (24 m) into the wide- block or-
chard. The number of nuts harvested decreased by 36%– 48%; that is 
85 ± 14 nuts per tree were harvested in proximity to a cross- pollen 

TA B L E  1   Nutrient concentrations and relative abundances of fatty acids (mean ± SE) of macadamia cultivar 816 kernels from the most 
abundant cross- pollen parents and self- pollinated kernels in a narrow- block orchard where each cultivar was planted in five contiguous rows. 
Means ± SE with different letters within a cultivar are significantly different (GLM; *p < 0.05, **p < 0.01, ***p < 0.001; n = 7– 18)

Nutrient or fatty acid

Pollen parent

p842 Daddow 816 (self)

C –  Carbon (%) 76.58 ± 0.73a 77.11 ± 1.13a 78.26 ± 1.27a

N –  Nitrogen (%) 1.44 ± 0.05a 1.44 ± 0.09a 1.53 ± 0.07a

Al –  Aluminium (mg/kg) 4.78 ± 0.44a 3.86 ± 0.55a 6.43 ± 2.37a

B –  Boron (mg/kg) 9.39 ± 0.54a 8.71 ± 0.71ab 7.43 ± 0.43b *

Ca –  Calcium (mg/kg) 478.89 ± 33.72ab 403.00 ± 110.76b 693.57 ± 105.85a *

Cu –  Copper (mg/kg) 4.00 ± 0.23a 4.29 ± 0.64a 2.43 ± 0.37b ***

Fe –  Iron (mg/kg) 18.94 ± 1.07a 19.86 ± 2.11a 19.57 ± 1.97a

K –  Potassium (mg/kg) 4,097.94 ± 173.30a 4,586.00 ± 341.02a 3,135.57 ± 143.04b ***

Mg –  Magnesium (mg/kg) 1,215.83 ± 37.92a 1,292.43 ± 61.35a 1,270.71 ± 90.70a

Mn –  Manganese (mg/kg) 5.49 ± 0.84b 15.25 ± 5.54a 10.35 ± 1.80a ***

Na –  Sodium (mg/kg) 158.78 ± 25.43a 116.57 ± 33.16a 15.43 ± 6.40b ***

P –  Phosphorus (mg/kg) 2,140.83 ± 87.37a 2081.00 ± 129.76a 2,311.00 ± 155.37a

S –  Sulphur (mg/kg) 1,187.83 ± 56.67a 1,346.57 ± 76.79a 1,422.14 ± 94.26a

Zn –  Zinc (mg/kg) 11.11 ± 0.84a 11.43 ± 1.80a 13.14 ± 1.99a

Myristic acid –  C14:0 (%) 0.46 ± 0.02a 0.31 ± 0.02c 0.40 ± 0.03b ***

Palmitic acid –  C16:0 (%) 10.13 ± 0.15a 9.18 ± 0.28ab 8.75 ± 0.15b ***

Palmitoleic acid –  C16:1 cis (%) 13.45 ± 2.67a 13.56 ± 0.68a 15.20 ± 0.80a

Stearic acid –  C18:0 (%) 4.32 ± 0.20a 4.27 ± 0.16a 4.39 ± 0.20a

Oleic acid –  C18:1 cis (%) 61.32 ± 0.38a 61.87 ± 0.58a 60.74 ± 0.82a

Elaidic acid –  C18:1 trans (%) 3.25 ± 0.09c 3.78 ± 0.17b 4.54 ± 0.14a ***

Linoleic acid –  C18:2 (%) 1.03 ± 0.04a 1.01 ± 0.15a 0.91 ± 0.06a

Arachidic acid –  C20:0 (%) 3.28 ± 0.08a 3.29 ± 0.10a 2.86 ± 0.15b **

Eicosenoic acid –  C20:1 (%) 2.00 ± 0.07a 1.95 ± 0.09a 1.59 ± 0.10b ***

Heneicosanoic acid –  C21:0 (%) 0.76 ± 0.02a 0.76 ± 0.05a 0.62 ± 0.06b ***

Saturated fatty acids (SFA) 18.95 ± 0.31a 17.82 ± 3.33b 17.02 ± 0.28b ***

Unsaturated fatty acids (UFA) 81.05 ± 0.31b 82.18 ± 0.33a 82.98 ± 0.28a ***
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source (row 1), whereas only 54 ± 10, 46 ± 10 or 44 ± 9 nuts per 
tree were harvested at rows 3, 10 or 23 (p = 0.01, p < 0.001 and 
p < 0.001), respectively.

4  | DISCUSSION

Macadamia nuts in both orchards resulted almost entirely from 
cross- pollination, demonstrating that crop production was highly 
dependent on across- orchard transport of cross pollen, sometimes 
over long distances. We found that the closest cross- pollen cultivars 
were usually the pollen parents and that the number of harvested 
nuts decreased with increasing distance from a cross- pollen source 
in the wide- block orchard. This suggests that insufficient flowers 
were receiving cross- pollen as the distance to another cultivar in-
creased from 8 m (1 row) to 24 m (3 rows), 80 m (10 rows) and 184 m 
(23 rows). Each macadamia flower needs, in theory, only one cross- 
pollen grain to produce the single- seeded fruit because only one pol-
len tube reaches the base of the style (Trueman & Turnbull, 1994a). 
However, a pollen- population effect could exist in macadamia, with 
the likelihood of fruit set being dependent on the number of cross- 
pollen grains deposited on the stigma (Hormaza & Herrero, 1994; 
Trueman & Wallace, 1999). Our results demonstrate the importance 
of the type of pollen that bees are carrying, not just the number 
of pollinator visits, in ensuring an effective pollination service. 
Cross- pollinated nuts also had larger kernels and higher kernel re-
covery, highlighting that cross- pollination can increase crop yield. 
Furthermore, nut paternity influenced mineral nutrient concentra-
tions and fatty acid composition of the kernels.

Our results indicate that macadamia cv. 816 trees have a mating 
system that is strongly outcrossing and emphasise that crop pro-
duction is heavily dependent on cross- pollen movement. A recent 
study also found no self- pollinated nuts in five macadamia cultivars 
(246, 344, 800, A4 and A16) and low- to- intermediate (20%– 40%) 
self- paternity levels in another four cultivars (660, 741, 791 and 
842) at a multi- cultivar research site (Langdon et al., 2019). Another 
recent study showed that both small and large macadamia nuts of 
three cultivars (816, A4 and Daddow) in production orchards are 
mostly the product of cross- pollination (Richards et al., 2020). In 

this study, we have shown that macadamia cultivar 816 is strongly 
outcrossing even in locations where the trees are receiving insuf-
ficient cross- pollen. Pollination services are often assumed to have 
been provided if bees are present on flowers or if a threshold num-
ber of pollen grains has been transferred to the stigma (Pisanty 
et al., 2016; Rader et al., 2016; Stavert et al., 2018). Our results 
show that the genotype of pollen transported by bees is critically 
important for crops with an outcrossing mating system. This may ex-
plain why the amount of pollen deposited on the stigma can be not 
linked to increased reproductive success in some crops (Garibaldi 
et al., 2013; Willcox et al., 2017). Many tree crops show some de-
gree of self- incompatibility, meaning that cross pollen is beneficial to 
fruit set (Trueman, 2013; Urata, 1954; Ushijima et al., 2003; Vilanova 
et al., 2003; Wallace et al., 1996). Nevertheless, horticultural crops 
commonly consist of large plantings of clonal cultivars, often result-
ing in self- pollen being deposited on the stigma.

Cross- pollen cultivars in closest proximity were usually the pol-
len parent of macadamia nuts. This means, however, that cross pol-
len was transported a minimum of 184 m across the orchard rows 
to reach the centre of the wide block. These results emphasise the 
importance of across- orchard movement of pollinators and may ex-
plain why the relationship between honeybee visits and crop yield 
is not linear (Rollin & Garibaldi, 2019). European honeybees and a 
native stingless bee, Tetragonula spp., are the most abundant flower 
visitors in Australian macadamia orchards, although a wide range of 
other insects and some birds have been observed (Trueman, 2013). 
The commercial orchards in this study are surrounded by sugarcane 
fields and lack native bushland. Hence, they rely on large numbers of 
managed honeybee hives to provide a pollination service. Orchards 
in different climate or landscape contexts might experience differ-
ent levels of pollinator movement, and thus cross- pollen transport 
(Blanche et al., 2006; Grass et al., 2018). Orchards surrounded by 
human- modified habitats can have slightly lower honeybee visita-
tion rates than orchards surrounded by near- natural habitats (Grass 
et al., 2018), and fruit set can be higher in orchards close to rain-
forest (Blanche et al., 2006). Orchards near natural habitats might 
have more across- orchard transport of cross pollen because of the 
greater abundance or diversity of pollinator species. In other crops, 
honeybees often forage on trees along the same orchard row rather 

F I G U R E  5   The mean (±SE) number of 
macadamia cultivar 816 nuts harvested 
from the orchard floor at different 
distances from a cross- pollen source in 
(A) a narrow- block orchard where each 
cultivar was planted in five contiguous 
rows or (B) a wide- block orchard where 
two cultivars were planted in blocks of 
42 or 48 rows. Means ± SE with different 
letters are significantly different (linear 
mixed model; p = 0.22 and p = 0.01 for 
the two orchards; n = 12)
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than across rows (Brittain et al., 2013). Many of these honeybee 
visits would, therefore, result in self- pollination rather than cross- 
pollination in macadamia orchards, rendering an ineffective pollina-
tion service. Our results also show that the number of harvested 
nuts, an indicator of reproductive output of the tree, decreased 
from on average 85 nuts per tree in row 1 (8 m from a cross- pollen 
source) to 54, 46 and 44 nuts per tree in rows 3, 10 and 23 (24, 80 or 
184 m from a cross- pollen source), respectively. Short- distance pol-
len dispersal has also been reported in apple, almond and chestnut 
orchards, with most pollen coming from the nearest cross- cultivar 
(Kron et al., 2001; Nishio et al., 2019; Vezvaei & Jackson, 1997). 
Similarly, our results show that pollen limitation can appear over 
gradients of tens of metres, even though honeybees are capable of 
regularly flying much longer distances (Greenleaf et al., 2007).

The reduced nut harvest with increasing distance from a cross- 
pollen source stresses the importance of across- orchard transport 
of cross pollen, sometimes over long distances, to ensure crop yield. 
This has enormous implications for the management and design 
of orchards. The almond industry recognised the dependence on 
cross- pollination and commonly implements orchard designs where 
cultivars are planted in single rows, so that a cross- compatible culti-
var is always adjacent to each tree (Cunningham et al., 2016). Most 
macadamia growers rank easily observed factors such as storm 
and hail damage, pest outbreaks and hot or dry weather as the 
major factors limiting nut production (Department of Agriculture 
& Fisheries, 2019). Our results emphasise the importance of cross- 
pollination for nut production and reinforce that macadamia cultivars 
would benefit from inter- planting different cultivars more closely. 
Currently, orchards are established with single- cultivar blocks 
(Trueman, 2013; Vithanage et al., 2002) that could be, for example 
five rows wide (as in the narrow- block orchard) or 48 rows wide (as in 
the wide- block orchard). However, we have shown that the number 
of harvested nuts of cultivar 816 was reduced by three rows into 
the wide block, where the distance to another cultivar, Daddow, was 
24 m. A recent study found that supplementary cross- pollination in-
creased yields of two cultivars, 816 and Daddow, and that the yield 
increase was greater when the experimental trees were far from an-
other cultivar, suggesting that the flow of cross- pollen across the 
orchard was suboptimal (Trueman et al., accepted). Yields of culti-
var A16 trees have also been shown to decline by 14 rows into a 
wide block, where the distance to another cultivar, A4, was 98 m 
(Vithanage et al., 2002). The spatial arrangement of honeybee hives 
influenced pollinator activity and fruit set in almond orchards where 
each cultivar was planted in a single row (Cunningham et al., 2016). 
A reduced number of harvested nuts by three rows into the wide 
block could also be caused by a lower pollinator activity in those 
rows rather than the distance from a cross- pollen source if, for ex-
ample, honeybee hives are spread unevenly across the orchard. We 
did not perform pollinator counts across rows as part of this study, 
but for the arrangement of honeybee hives to drive the observed 
effect would require that the nearest hive placements were always 
in the same direction as the cross pollen, relative to our sampled 
transects, which was not the case (Figure S1b).

Cross- pollination affected nut size and quality, with cross- 
pollinated nuts providing larger kernels and higher kernel recovery 
than self- pollinated nuts. However, almost all nuts throughout the 
orchard were cross- pollinated and so these parameters generally 
did not differ across the orchard rows, even though the number of 
harvested nuts was lower in the middle of the wide block. Nut size 
can be reduced under conditions of low carbohydrate availability 
on girdled macadamia branches with few leaves, but large varia-
tions in carbohydrate status have a greater effect on the number 
of nuts than the size of nuts (Herbert et al., 2019a; Trueman & 
Turnbull, 1994b). Other studies have shown that providing mac-
adamia racemes with supplementary cross- pollination increases 
nut- in- shell mass, kernel mass and kernel recovery compared with 
controls without pollen supplementation or with supplementary 
self- pollination (Trueman & Turnbull, 1994a; Wallace et al., 1996). 
Macadamia growers and processors receive major financial rewards 
for larger kernels and higher kernel recovery (Australian Macadamia 
Society, 2017, 2018). We found that cross- pollinated nuts had much 
higher nut- in- shell mass (25%– 32%), kernel mass (84%– 97%) and 
kernel recovery (46%– 50% in relative terms) than self- pollinated 
nuts, highlighting the significant economic value of an efficient pol-
lination service.

Cross- paternity affected the nutritional quality of nuts, with 
cross- pollinated nuts having higher copper and potassium concen-
trations than self- pollinated nuts. The relative abundance of unsat-
urated fatty acids (UFA) was higher in self- pollinated nuts and nuts 
pollinated by Daddow than in nuts pollinated by 842, while levels of 
the trans fatty acid, elaidic acid, were higher in self- pollinated nuts 
than in nuts from either cross- parent. UFAs are beneficial for human 
health because they reduce LDL- cholesterol and other cardiovascu-
lar risk factors (Griel et al., 2008; Kris- Etherton et al., 1999), whereas 
trans fatty acids represent a risk factor for diabetic and coronary 
heart diseases (Micha & Mozaffarian, 2009; Tardy et al., 2011). 
However, differences in fatty acid profiles were slight and differ-
ences within cultivar reported here were smaller than differences 
reported between macadamia cultivars (Richards et al., 2020). 
Different cross- pollen parents affect nut size and kernel recovery 
of other macadamia cultivars (Herbert, Walton, & Wallace, 2019a, 
2019b). This further highlights the importance of understanding 
how bees forage in the orchard to ensure cross- pollination produces 
the best crop quality.

Our results show that pollination services in macadamia can rely 
heavily on the genotype of pollen deposited, that is self- pollen ver-
sus cross- pollen. They suggest that the type of pollen transported 
by pollinators can have major implications for crop yield and quality. 
Effective pollination in some crops requires across- orchard trans-
port of cross pollen, sometimes over long distances, and so limited 
pollen dispersal may cause suboptimal fruit set. We need to develop 
strategies to minimise the distance between cultivars and maximise 
pollinator movement across the orchard in these crops. We also 
need to better understand pollinator behaviour, including what gen-
otype of pollen the pollinators carry, and how they move through 
crops, to ensure effective pollination services.
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