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ABSTRACT

ARTICLE HISTORY

Pear fruit are subject to sun damage from high fruit surface
temperature (FST). Threshold FST for the occurrence of sunburn
are currently unknown and basic relationships between FST of
pears and weather parameters have not been reported. Such
knowledge is needed to aid implementation of management
practices and improve orchard design to minimise sunburn. This
paper reports relationships between pear FST and weather
conditions. Continuous monitoring of FST and observations of
sunburn damage enabled determination of threshold FST for the
development of sunburn. Threshold FST for sunburn damage on
‘ANP-0131’ (Deliza®) pears was estimated to be 47.1 °C. Use of FST
thresholds to improve mitigation of sunburn is discussed.
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Introduction
Sun damage of fruit is recognised by orchardists as an important financial concern requiring management intervention. The proportion of pear crop typically affected by sunburn
is not well reported; however, Yuri (1998) recognised sunburn as a major cause of exclusion of pears grown in Chile from export markets. The physiological impacts (peel discoloration or bleaching, cell degradation and cell death) and environmental causes
(heating of fruit and/or exposure to solar radiation) have been determined in apple,
and a number of types of sun damage (sunburn browning, sunburn necrosis and
photo-oxidation) have been identified (Schrader et al. 2008). Schrader et al. (2001,
2003a, 2008) reported threshold fruit surface temperatures (FST) for the development
of sunburn browning and sunburn necrosis in apples. Relationships between weather conditions and temperatures of apple fruit have been reported (Schrader et al. 2003a) and a
number of apple temperature models have been developed (Thorpe 1974; Evans 2004;
Saudreau et al. 2007, 2009). By contrast, threshold FST for the occurrence of sunburn
damage in pears are unknown. There is only limited information regarding effects of
high temperature and solar radiation on pears; we found just two papers directly addressing this subject. Wand et al. (2005) reported that sunburn of ‘Rosemarie’ and ‘Forelle’
did not occur in a season when maximum air temperatures reached 33.2 °C, but did
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occur the following seasons when maximum air temperatures reached 39.1 and 40.0 °C.
Colavita et al. (2011) reported that kaolin sprays were effective in decreasing FST of ‘Packham’s Triumph’ pears and decreasing sunburn of ‘Packham’s Triumph’ and ‘Beurré
d’Anjou’.
The lack of information regarding pear temperatures and sun damage is likely due to a
number of reasons including: the lower value and lower volume of production of pears
compared with apples; the relatively high proportion of pears traditionally directed to
the canning segment of the fruit market; and, possibly, a lower susceptibility of pears to
sun damage. The perception of lower susceptibility may be related to tree training
systems that typically see pears grown as multi-leader trees at wide spacings with subsequent high levels of shading of fruit. It is anticipated that new selections of pears with
red-blushed (e.g. ‘ANP-0131’, ‘Celina’, ‘Gem’, ‘Rosemarie’) and fully red (‘PremP009’)
peels, bred with the aim of reinvigorating pear industries, will have higher value than traditional varieties. Furthermore, current research on rootstocks, new varieties, tree density
and tree training to increase precocity of pears will see a shift to planting systems with
greater exposure of fruit to direct solar radiation. In such management systems, knowledge
of pear susceptibility to heating and sun damage will be needed to examine the benefits
and day-to-day management of netting, evaporative cooling, spray-on protectants and
alternative training systems.
The purpose of this study was to determine FST sunburn thresholds and investigate
relationships between FST and weather conditions for red-blushed pears. FST was continuously monitored on ‘ANP-0131’ trees planted at moderate density and grown on
Open Tatura trellis.

Materials and methods
FST of a new red-blushed pear (Pyrus communis) ‘ANP-0131’ (marketed as Deliza) were
monitored at the Department of Economic Development, Jobs, Transport and Resources
research farm, Tatura, Australia (36.44°S 145.27°E; 115 m apsl). The region has a temperature climate with warm to hot summers with rainfall tending to be winter dominant. The
long-term mean maximum and minimum temperatures in January are 29.3 and 13.9 °C,
respectively. The long-term mean summer rainfall is 98.4 mm and the mean annual rainfall is 491.3 mm. ‘ANP-0131’ is a vigorous tree, with green and red bicoloured fruit,
derived from a cross between ‘Corella’ and ‘Doyenné du Comice’. It was selected in
2001 by the Australian National Pear Breeding programme. It is harvested in the
period following ‘Williams’ Bon Chretien’ and can be stored long term to produce
fruit with a fine, melting flesh.
Three rows of BP1 rootstock were planted in winter 2009 and budded with ‘ANP-0131’
scion in spring 2009 at 0.75 m and 4.0 m tree and row spacing, respectively, and grown on
Open Tatura trellis in north–south oriented rows. Trees were drip irrigated. Pest and
disease protection methods were similar to commercial orchards with regular monitoring
to determine spray requirements.
FST was monitored on 13 to 15 fruit selected from each of four trees. Two of the trees
were grown on the eastern arm of the trellis and two were grown on the western arm. Fruit
that were expected to be exposed to direct solar radiation for at least part of the day were
selected for monitoring to maximise the number of fruit likely to develop sunburn and
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thus provide data to determine thresholds. As such, fruit were positioned on the outside of
the canopy and were, at most, partially shaded by leaves. Fruit were selected in even proportions from the upper, mid and lower canopy. Fruit temperature was measured using
fine-wire thermocouples (32 g copper-constantan) (Type T, Tranzflo NZ). Thermocouples were installed between 23 December 2014 and 2 January 2015, and fruit were continuously monitored until 23 February 2015. A single thermocouple was inserted just
under the skin on the sun-exposed (blushed) side of each fruit. The thermocouples
were positioned directly beneath the epidermis and forced 5–10 mm along the interface
of the epidermis and the cortex of the fruit to place it away from the entry wound.
Fruit temperatures were measured at 10 s intervals. One minute averages of fruit temperature were then recorded using a data logger (CR1000, Campbell Scientific). Fruit were
inspected once or twice weekly to ensure sensors were in place. Sensors that became dislodged were reinserted in the fruit and data collected when sensors were dislodged were
removed from analysis.
At the time of thermocouple insertion, fruit peels showed no signs of discoloration that
would suggest existing sunburn. A visual grading scale (0–7) was developed for assessment
of sunburn damage (Figure S1), as per Schrader et al. (2003b) for apples. Pears that did not
exhibit any peel discoloration were given a score of 0 (no sunburn damage = 0). Colour
degradation in response to sun exposure ranged from small patches with a bleached
appearance (minor bleaching = 1) to larger patches with more obvious bleaching and
slight discoloration (slight sunburn browning = 2) and yellow, tan or brown peel discoloration in the central area of the patch (moderate sunburn browning = 3 and severe sunburn
browning = 4). For the purpose of this study, grading scores of 2, 3 and 4 were considered
to represent similar damage as described by Schrader et al. (2008) for sunburn browning.
Pears with sunburn damage scores of 5–7 had large patches with similar colour bleaching
as fruit with scores of 2–4 but the central area of the patch became increasingly dark brown
to black (slight sunburn necrosis = 5; moderate sunburn necrosis = 6; severe sunburn
necrosis = 7). Without a measure of cell function (i.e. cell death) it is unclear if this
damage equates exactly with the description of Schrader et al. (2008) for sunburn necrosis.
However, to be conservative in our assessments, fruit with scores of 5–7 were considered to
be affected by sunburn necrosis. Using this grading system, development of sunburn
damage (scores 1–7) was assessed in situ on monitored fruit on 2, 8, 19, 27 January and
2, 13 February 2015.
In addition, a random sample of 10 fruit was collected from each of 26 trees at the study
site (13 trees grown on the eastern arm and 13 on the western arm of the Open Tatura
trellis) and assessed for sunburn damage at harvest (12 February 2015).
The microclimate in the orchard was monitored at 1 min intervals. Ten minute
averages were recorded using a data logger (DataTaker DT80M, Thermo Fisher Scientific Inc). Air temperature (Tair) and humidity (RH) (HMP155, Vaisala Oyj) were
measured at 1.5 m height with the sensor mounted in a cylindrical white aluminium
screen. Wind speed (WS) (PA2, Wittich & Visser) was measured in the lower, middle
and upper canopy at 1, 2 and 3 m height. Diffuse and global solar radiation (GSR)
(SPN1, Delta T Devices) were monitored above the canopy at 3 m height. Direct solar
radiation (DSR) was calculated as the difference between global and diffuse solar
radiation.

NEW ZEALAND JOURNAL OF CROP AND HORTICULTURAL SCIENCE

265

Analysis
Daily GSR and daily mean, maximum and minimum Tair, RH and WS were calculated.
Rolling mean FST for individual fruit were calculated for 1 h time-steps (1 h FST) from
mean 10 min FST. Relationships between the maximum daily FST and weather parameters were determined by linear and quadratic regression in Genstat 14.1 (VSN International). Measures of number of fruit with sunburn damage and sunburn scores were
subject to analysis of variance (ANOVA) using Genstat 14.1 (VSN International). Significant differences between trees grown on eastern or western arms of the Open Tatura trellis
were determined using least significant difference at P = 0.05.
To determine threshold FST, daily maximum 1 h FST for each fruit were determined
for the periods between installation of thermocouples and the date of observation of
sunburn. This approach was based on observations in apples where sunburn browning
required FST of at least 46 °C for 30 min to 1 h and sunburn took 3–7 days to appear
after a heating event (Schrader et al. 2001, 2003a).

Results
Fruit surface temperatures
Overnight and during the early morning, FST were similar to Tair (Figure 1A). As fruit
became sun-exposed, FST rose above Tair (Figure 1). For individual fruit, FST commonly
peaked between 1600 and 1700 h (Australian eastern standard time). However, daily
maximums were often reached earlier in the day for fruit on trees grown on the eastern
arms of the trellis. For instance, FST up to 44 °C were recorded between 0900 and
1000 h for fruit grown on the eastern side of the trellis, and one such fruit recorded a
FST of 49 °C at 1100 h.
The maximum FST recorded was 50.8 °C at a Tair of 38.3 °C (Figures 1A and 2) and the
greatest difference between FST and Tair was 19.7 °C. The minimum Tair at times when
FST exceeded 45 °C was 28.5 °C. The minimum Tair when FST exceeded 47 °C was
30.8 °C.

Figure 1. A, Air temperature (black line) and fruit surface temperature of two ‘ANP-0131’ pears grown
on the eastern (blue line) and western (green line) arms of an Open Tatura trellis; B, direct solar radiation (red line) at the DEDJTR research farm, Tatura, in early January 2015.
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Figure 2. Maximum daily fruit surface temperature (●) of ‘ANP-0131’ pears grown on an Open Tatura
trellis, maximum daily air temperature (○) and daily global solar radiation (□) at the DEDJTR research
farm, Tatura, between 23 December 2014 and 23 February 2015 (fruit surface temperature and air
temperature data are 10 min averages).

Linear regressions of 10 min data indicated that Tair was the best single predictor of
maximum FST between 0600 and 2000 h, followed by RH and then solar radiation
(DSR or GSR) (Figure 3). Quadratic regressions of DSR and GSR with FST were better
predictors of FST than linear regressions (Figures 3 and 4). Wind speed was a poor predictor of FST (Figure 3, 3 m and 1 m WS regressions not shown). Linear regressions of
FST with daily maximum Tair, minimum RH and GSR were similarly correlated as
those for 10 min data (Figure 4).
Threshold FST for sunburn
A heat event occurred in early January. Tair reached 38.4 °C on 2 January 2015 and the sky
was mostly clear (Figures 1–2). Tair reached 38.6 °C on 3 January 2015 and intermittent
cloud cover occurred in the afternoon (Figures 1–2). FST of fruit that was monitored
prior to 2 January 2015 did not exceed 44.6 °C and the maximum Tair between 23 December 2014 and 1 January 2015 was 32.9 °C (Figure 1).
Sunburn damage was not observed on 2 January 2015. Sunburn damage was observed
on 11 monitored fruit on 8 January 2015. Of the 47 monitored fruit, 15 developed sunburn
during the entire monitoring period. Six sunburnt fruit were excluded from the analysis,
either because FST were not continuously monitored or the thermocouple was not
inserted in the area of peel that developed sunburn. Hence, for consideration of FST
thresholds, there were nine fruit categorised as ‘sunburnt’ and 32 fruit categorised as
‘undamaged’.
The maximum 1 h FST of ‘sunburnt’ fruit, prior to observation of sunburn, ranged
from 47.1 to 49.8 °C (Figures 5–6). Maximum 1 h FST of ‘undamaged’ fruit on 2
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Figure 3. Regressions of maximum fruit surface temperature (FST, °C) with weather parameters
between 0600 and 2000 h each day from 2 January to 23 February 2015. A, Air temperature (Tair);
B, relative humidity (RH); C, direct solar radiation (DSR); D, global solar radiation (GSR); E, wind
speed (WS) at 2 m height. Data points are 10 min averages.
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Figure 4. Regressions of daily maximum fruit surface temperature (FST, °C) with daily weather parameters between 2 January and 23 February 2015. A, Maximum air temperature (Tair-max); B,
minimum relative humidity (RHmin); C, global solar radiation (GSR).

January 2015 ranged from 37.9 to 47.9 °C (Figure 6). The cumulative duration of time
when FST exceeded 47 °C was considerably less for ‘undamaged’ fruit than ‘sunburnt’
fruit (Table 1). Two ‘undamaged’ fruit had 1 h FST exceeding 47 °C on 2 January 2015
(Figure 6) and only one other ‘undamaged’ fruit reached a 1 h FST greater than 47 °C
by 13 February 2015. Only one ‘sunburnt’ fruit (fruit #8) developed sunburn necrosis.
This fruit reached a peak FST of 50.8 °C (1 min data) and a maximum 10 min FST of
50.1 °C. The thermocouple had been inserted within the patch where sunburn browning
developed but not at the centre of the patch where necrosis initially developed.
Sunburn damage of fruit grown on eastern and western arms of the trellis
The mean percentage of fruit that were observed to suffer sunburn damage and the mean
sunburn scores of fruit grown on either the eastern or western arms of the Open Tatura
trellis were not significantly different (Table 2).
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Figure 5. Daily maximum 1 h fruit surface temperature (FST, °C) of ‘sunburnt’ category fruit from 2
January 2015 until observation of sunburn. Asteriks (*) indicate maximum 1 h FST on 2 January
2015. 1 h FST were calculated as rolling averages. Sunburn was observed on 8 January 2015 for fruit
#1–8 and on 19 January 2015 for fruit #9.

Discussion
Determining FST thresholds for occurrence of sunburn is difficult. Researchers must
either artificially heat fruit or rely on natural conditions. With the former approach, concerns will inevitably be raised that the heating method may have failed to closely imitate
conditions usually experienced by fruit either in the heating process or the light conditions

Figure 6. Daily maximum 1 h fruit surface temperature (FST, °C) of ‘sunburnt’ and ‘undamaged’ category fruit on 2 January 2015. Closed circles (●) are the raw data points. 1 h FST were calculated as
rolling averages.
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Table 1. Cumulative duration (± standard error) of fruit surface temperatures (FST)
greater than 47 °C for ‘sunburnt’ and ‘undamaged’ fruit on 2 January 2015 and
from start of monitoring to midnight on 12 February 2015 (harvest date).

‘Sunburnt’
‘Undamaged’

Duration FST >47 °C
2 January 2015
(min)

Duration FST >47 °C
to 12 February 2015
(min)

Range: 36–127
Mean: 103 (± 13.2)
Range: 0–55
Mean: 4 (± 2.2)

Range: 89–587
Mean: 238 (± 50.8)
Range: 0–188
Mean: 15 (± 6.5)

that usually accompany heat events. With the latter approach, researchers can only hope
that heat events will occur and that they will not be so intense or prolonged that excessive
heating of fruit confounds the ability to comment on thresholds. Sunburn browning and
necrosis can take several days to a week to appear on apples and a period of up to 1 h of
high FST may be required for the development of sunburn browning, while sunburn
necrosis of apples can develop after 10 min of heating (Schrader et al. 2001, 2003a).
These factors further complicate both approaches as continuous monitoring of FST is
desirable to ensure that FST prior to, during and after the heat event are known. It was
fortunate that, during the 2014–15 season, a brief heat event occurred in early January
that was preceded and followed by days of relatively mild conditions with associated
lower FST. Consequently, we believe that observed sunburn damage was primarily
caused by conditions on 2 January 2015 and a threshold FST of 47.1 °C for sunburn
damage can be proposed for ‘ANP-0131’ pears. Furthermore, a tentative suggestion of
a threshold FST of 50 °C is suggested for sunburn necrosis of ‘ANP-0131’ pears. These
values are similar to those previously reported by Schrader et al. (2001, 2003a, 2008)
for apples (46–49 °C for sunburn browning, depending on variety, and 52 °C for
sunburn necrosis).
Our data support the conclusion that both temperature and duration of heat period are
important in relation to the occurrence and severity of sunburn (Schrader 2002; Schrader
et al. 2003a). The cumulative duration of FST greater than 47 °C on 2 January 2015 averaged 103 min for fruit that developed sunburn, but averaged just 4 min for fruit that did
not develop sunburn (Table 1). The lack of occurrence of sunburn on a small number of
fruit, despite FST exceeding 47 °C, may be attributed to a lack of duration of heating, less
light exposure of individual fruit coincident with the time of heating, or greater thermotolerance or photoprotection because of factors such as previous exposure to light or heat
and differences in anthocyanin concentrations (Lipton & O’Grady 1980; Lin et al. 1984;
Table 2. Sunburn damage and mean sunburn score (0 = no sunburn,
1–7 = sunburn damage) at harvest of fruit from trees grown on the
eastern (East) or western (West) arms of the Open Tatura trellis.
East
West
LSD
F pr.

Sunburn damage (%)

Mean sunburn score

13
21
9.4
0.095

0.25
0.45
0.255
0.123

F pr, F-test probability; LSD, least significant difference.
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Ma & Cheng 2003, 2004; Chen et al. 2008; Li et al. 2008; Li & Cheng 2009; Racsko & Schrader 2012). The apparent delay in appearance of sunburn on one fruit (fruit #9) may be
related to anthocyanin concentrations. Despite maximum 1 h FST exceeding 47.1 °C on
2 January 2015, sunburn was not observed until 19 January 2015. Sunburn may have
been masked by high concentrations of anthocyanins early in the season (Makeredza
et al. 2015).
During the day, energy from DSR is the main cause of FST increases above Tair, while
Tair, RH and WS mediate the transfer of heat from fruit (Thorpe 1974; Evans 2004; Saudreau et al. 2007, 2009). As in this study, Schrader et al. (2003a) found that Tair had the
strongest correlation with FST. GSR was measured above the canopy and so does not
provide a good indication of exposure of individual fruit, thus the linear regressions of
FST with GSR and DSR were weaker than what might be found if radiation were measured
at the fruit surface. Stronger quadratic relationships between GSR or DSR and FST are due
to the Tatura trellis design, in north–south oriented rows, that increases fruit shading at
times of day when incoming GSR peaks and increases exposure of fruit to DSR in the
morning and afternoon. The (poor) correlation found in this study between WS and
FST is possibly affected by low WS and a small range of WS. For all weather parameters,
linear regressions are an over-simplification and do not account for interactions between
weather parameters, changing fruit parameters (e.g. fruit size or colour) or the effects of
different trellis designs and canopy management on fruit exposure.
Complex models have been developed to predict FST of apples (Thorpe 1974; Evans
2004; Saudreau et al. 2007, 2009) and could similarly be developed for pear. However,
as a simple tool for growers, the results of this study can be used to provide general guidelines regarding FST and weather conditions and, subsequently, management practices to
mitigate sunburn damage. For example, under the conditions of this study, fruit did not
reach the suggested threshold (47.1 °C) for sunburn damage until Tair reached at least
30.8 °C and regressions of Tair and FST predicted that FST would reach 47.1 °C when
daily maximum Tair was 35.2 °C. Therefore, evaporative cooling should be used when
Tair is forecast to be 35 °C or greater; when Tair is between 30 and 35 °C other factors
should be taken into consideration when deciding to use evaporative cooling (e.g. stage
of fruit development, and wind, RH and cloud conditions).
Studies conducted in Washington State in the USA have shown that apples are most at
risk of sunburn in the afternoon, between 1430 and 1645 h (Schrader et al. 2003a). In this
study, fruit grown on the western arm of the north–south oriented trellis reached
maximum FST in the afternoon, most commonly between 1600 and 1700 h. However,
maximum daily FST were often reached earlier in the day for fruit on trees grown on
the eastern arms of the trellis. For instance, FST up to 44 °C were recorded between
0900 and 1000 h for fruit grown on the eastern side of the trellis, and one such fruit
recorded a FST of 49 °C at 1100 h in late January. Overall, fruit grown on the western
arm of the trellis were the hottest, but fruit grown on the eastern arm were still susceptible
to sun damage (Table 2).
The determination of sunburn thresholds and generation of basic knowledge regarding
the influence of weather conditions on FST by this study will be useful for the design and
management of orchards where growers shift from traditional growing practices (freestanding, vase-shaped trees planted at low density) to modern high-density plantings
using dwarfing rootstocks and training systems that create fruiting walls with greater
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fruit exposure to DSR. Row orientation and tree architecture can be designed to reduce
fruit exposure to DSR at key times during the day and season. Orienting rows NNW–
SSE, instead of N–S, could decrease DSR exposure of fruit on the western face of the
trellis. Whether this would result in an appreciable reduction in sunburn damage is
unknown. Continued development of innovative trellis designs should be encouraged.
The benefits of installing netting and/or evaporative cooling can be financially evaluated
based on the effectiveness of these in reducing FST below threshold temperatures (Darbyshire et al. 2015). The results can be used to improve the management of evaporative
cooling so that excessive use of water is minimised by operating these systems only
when FST are expected to reach threshold levels and pulsing operation to maintain FST
within an acceptable range. Similarly, the timing of spray-on sunscreens can be more
objective. Results can also be used to assess regional suitability for growing red-blushed
pears (Darbyshire et al. 2015).

Supplementary data
Figure S1. Grading scores of pear fruit for sunburn damage.
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