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Abstract

Low temperature and frost damage in winter pose a major threat to the production of passion
fruit in Fujian Province. Determining the suitability regionalization of cultivation is important.
This research combined the methods of historical disaster inversion, orchard positioning observations,
and geographical displacement experiments to conduct the regionalization research. Fifty-two samples
of passion fruit cold and freezing disasters were obtained, and mathematical statistical methods
were used to establish frost damage grade indicators of the main varieties of passion fruit based
on the daily extreme minimum temperature (T, ). The frost damage grade index of Passion Fruit No. 1
and No. 3 was divided into four grades: mild, moderate, severe, and most severe. Verifying the disaster
samples taken from the literature and the results of artificial climate chamber disaster experiments,
the accuracy rate was 81.8%, so the grade index is of practical significance. According to the results of
risk regionalization of cold and freezing injury of the main varieties of passion fruit, the regions with
no or mild cold and freezing injury were mainly distributed in the coastal areas of Fujian Province,

which is thus the region with the lowest risk of cold and freezing injury for planting passion fruit.

Keywords: passion fruit, frost damage, artificial climatic chamber disaster experiment, frost damage risk

Introduction

Passion fruit, with the scientific name Passiflora
edulis Sims, is an herbaceous vine of the genus
Passionflower. As early as the 1980s, passion fruit was
planted on a large scale in Fujian Province, China.

*e-mail: yangkai 1998@163.com

However, due to restrictions such as market acceptance,
it was eventually suspended. In recent years, due to
the considerable economic benefits and low planting
difficulty of passion fruit, a large number of fruit farmers
have been inspired to plant it [1, 2]. However, during
the planting process, meteorological disasters, pest
control, and other problems are encountered, resulting
in loss of yield, among which low temperature and frost
damage in winter are the most important meteorological
disasters affecting passion fruit production.
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Passion fruit has a long and vigorous growth period
throughout the year, but after many fruit bearings, the
tree will be damaged. It has the characteristics of good
fruit in one year, more fruit in two years, and poor fruit
in three years [3]. The main limitation of its introduction
to the subtropical region of Fujian is the temperature.
In recent years, in order to reduce the occurrence of stem
base rot, root rot, and other diseases, and ensure quality
and fruit quantity, the cultivation mode of passion fruit
in Fujian Province has been adjusted to be planted once
a year. Therefore, the problem of overwintering can
be successfully avoided. However, to compete for the
first batch of fruit markets, some fruit farmers adjusted
the planting time and advanced it to winter planting,
or delayed planting to fill the gap in the winter and
spring passion fruit market, resulting in a certain level
of winter frost damage. Therefore, low temperature and
frost damage in winter will seriously affect the fruit
growth and quality of the last batch of passion fruit
and severely affect the seedling cultivation and planting
work of passion fruit in winter.

Affected by global climate change, extreme weather
events such as strong cold waves occur more frequently.
However, some fruit farmers ignore the low cold
resistance of passion fruit or the difference in cold
resistance among varieties, do not follow the climate
law in production, and blindly introduce seeds into
subsuitable or unsuitable planting areas, resulting in an
increasing and aggravating trend of low temperature
and frost damage losses, which seriously affects the
output of fruit and income of fruit farmers and restricts
the healthy and stable development of the passion fruit
industry.

There are only a few studies on the frost damage level
index and risk regionalization of fruit trees in foreign
countries [4-10], while there has been much research on
the frost damage indicators of banana, lychee, mango,
loquat, and other fruit trees in China [11-14], and the
established grade index has been successfully used to
carry out the research and business services of cold and
frost damage monitoring and early warning and zoning
[15-17]. Research on passion fruit mainly focuses on
introduction and trial planting, cultivation techniques,
and fruit application research [18-20]. Although some
scholars have noted that passion fruit can withstand
slight freezing and can grow normally at a temperature
not lower than -2°C. When the temperature is lower
than 0°C, the growth of plants is inhibited, and when
the temperature is lower than -2°C, the plants will
suffer severe frost damage and even death [21-24];
but these scholars only indicated the low temperature
critical threshold of passion fruit damage and did not
differentiate specific frost damage level thresholds for
different damage symptoms of fruit trees. The indicators
mostly came from field planting experience and lacked
systematic, quantitative, and verified frost damage index
grading. Moreover, research on the grade index of frost
damage and the risk regionalization of frost damage of
different varieties of passion fruit is basically lacking.

In this study, the main varieties of passion fruit in
Fujian Province, passion fruit No. 1 (purple fruit) and
passion fruit No. 3 (golden fruit), were selected as the
research objects, and various methods, such as historical
disaster inversion, orchard positioning observation,
and geographical displacement experiments, were
synthesized, combined with the grading standards
of passion fruit victimization symptoms cold, and
mathematical statistical methods were used to obtain the
frost damage grade index. According to the historical
disaster situation collected in the literature and the
results of the simulated low-temperature test of the
artificial climatic chamber, the frost damage grade index
of each main cultivar was determined. Based on this, the
cold and frost damage risk assessment model of passion
fruit was established, and the cold and frost damage
risk regionalization of the main cultivars of passion
fruit in Fujian Province was compiled. The research
results can help establish objective, quantitative, and
varietal cold and frost damage grade indicators, provide
technical support for the fine monitoring, early warning
assessment, and regionalization of passion fruit cold and
frost damage in our province, and provide a scientific
basis for local agricultural production departments to
formulate appropriate decisions and measures for seed
introduction, expansion, and disaster prevention and
mitigation.

Data and Method

The daily minimum temperature data of the
Fujian Provincial Meteorological Observation Station
during the winters of 2016-2021 (December of one
year to February of the following year) were provided
by the Fujian Meteorological Information Center.
The extreme minimum temperature corresponding to
the passion fruit frost damage sample was revised from
the automatic weather station in the passion fruit orchard
or the adjacent regional automatic weather station.
The extreme minimum temperature is the lowest
temperature (T ) in a louver box 1.5 m above the
ground.

Research Method
Disaster Data

At present, the passion fruit varieties grown in
Fujian Province are primarily passion fruit No. 1
(purple fruit) and passion fruit No. 3 (golden fruit).
This paper collects historical and actual disaster
data through field investigations, fruit farmer visits,
literature collection, orchard positioning observations,
and geographical displacement experiments. According
to the needs of disaster investigation and geographical
displacement experiments, the passion fruit disaster
questionnaire was designed to record the disaster time,
detailed disaster situation, and tree morphological



Frost Damage Grade Index and Risk...

5393

changes of the disaster consequence of fruit trees at
the survey point, and the test observers were required
to record the symptoms of fruit tree leaves, branches,
trunks, and fruits in detail when the process of frost
damage occurred. The disaster data are aggregated to
establish a disaster sample set.

Orchard Positioning Observation Test

Since 2018, automatic microclimate observation
equipment (HOBO Ul2 type) has been deployed in
disaster-prone orchards and parallel observation points
of passion fruit, and temperature, humidity, and other
data are automatically recorded every 15 minutes for
frost damage monitoring (see Table 1).

Geographical Displacement Experiment

The potting method was used to cultivate passion
fruit No. 1 and No. 3 fruit seedlings in spring, planting
one plant per pot, cultivating under natural light
conditions, watering as needed, fertilizing once every
15-20 days, and geo-relocating after the fruit seedlings
were robust. During the test, each plant was kept in
its natural state, and no artificial changes were made.
In this paper, three pots of passion fruit seedlings
of two varieties were placed near the observation field
of Changtai County, Pinghe County, and Nanjing
County Meteorological Bureau in Zhangzhou County,
as well as the Zhangzhou Tianbao Hot Crop Test
Station and the Nanjing County Gaogang Village
Test Site before the winter of 2018/2019, 2019/2020,
and 2020/2021, respectively, and test observers
were arranged, requiring that when there is a cold air
process, the symptoms of frost damage of two varieties
of passion fruit should be recorded and photographed
day by day.

Low-Temperature Simulation Test
of the Artificial Climatic Chamber

To this point, the low-temperature simulation test
of artificial climatic chambers has been widely used
in the revision and determination of cold and frost
damage grade indices, such as tea plants and fruit trees

Table 1. Overview of orchard positioning observation points.

[25, 26]. To obtain sufficient disaster samples, this paper
conducted a two-day cold frost damage low-temperature
simulation test of passion fruit in the large artificial
climate chamber of the Zhangzhou Tropical Crop
Meteorological Experimental Station (model: Beijing
Kuran artificial climate laboratory, the temperature can
be set within the range of -10°C~45°C, with an accuracy
of +£0.5°C) in the winter of 2019/2020. The test was
performed in weather below 20°C. The test seedlings
were passion fruit No. 1 and No. 3 potted seedlings,
the test temperature setting range was 3.0~-4.0°C,
and 8 temperatures were set to 3.0°C, 2.0°C, 1.0°C, 0°C,
-1.0°C, -2.0°C, -3.0°C, and -4.0°C. Each temperature
was maintained at a constant for 2 h and 4 h, and each
treatment method used 3 pots of passion fruit No. 1
and No. 3 seedlings, for a total of 96 pots of seedling
samples. First, each sample was put into the artificial
climatic chamber, imitating natural cooling to the
set starting temperature, and each temperature was
maintained at a constant for 2 h and 4 h. After reaching
the processing temperature, the fruit seedlings were
removed and placed into the room for marking. Each
cooling process was maintained at a rate of 1 h to
cool 1°C, and the test process was repeated until the
temperature was reduced to -4.0°C. After 4 h, the potted
fruit seedlings were placed outdoors for one week, and
then the morphological changes of each treated fruit
seedling were observed and recorded to determine the
damage grade.

Method for Determining the Grade Index
of Passion Fruit Cold and Frost Damage

According to the grading standards of passion
fruit cold and frost damage symptoms, the cold
and frost damage level of each disaster sample was
determined, and the extreme minimum temperature
(T_.) of the process corresponding to each disaster
sample could be corrected by using the existing
and self-built passion fruit orchard automatic weather
monitoring equipment data or using the T . data of
recent county weather stations or regional automatic
stations and the low temperature data of each
disaster point to calculate the extreme minimum

temperature of the process in the winter of each sample.

Installation Site Longitude (°E) | Latitude (°N) | Altitude (m) Passion Fruit Cultivars
Donggiao Town, Jianou City 118.51 27.10 113.0 Passion fruit No. 1
Gaogang Village, Nanjing County 117.16 24.50 810.0 Passion fruit No. 1 and No. 3
Jukou Town, Jianyang District 117.95 27.36 185.0 Passion fruit No. 3
Puli Village, Tianbao Town 117.52 24.63 55.0 Passion fruit No. 1 and No. 3
Chenxiang Town, Changtai County 117.79 24.66 13.0 Passion fruit No. 3
I\{/‘;Zei:b?eog‘rgels‘;f‘éf;ogi ()F;g; t?3§ 117.49 24.78 379 Passion fruit No. 3




5394

Kai Yang, et al.

The mathematical statistical method was used to
analyze the disaster sample set, and the fitting equation
between extreme minimum temperature and disaster
level was established to preliminarily determine the
cold frost damage grade index of passion fruit. Then,
the low temperature simulation test of the artificial
climatic chamber and the historical disaster samples
collected from the literature were used for verification,
and the low temperature grade index of passion fruit
subcultivars was finally determined.

Results and Analysis

Grading Standard for Passion Fruit Cold
and Frost Damage Symptoms

After fruit trees are damaged by cold and
freezing, their leaves, branches, trunks, etc., will
change morphology, and symptoms of damage will
appear. Some scholars have graded and clarified the
symptoms of fruit trees such as lotus mist, mango,
jujube and banana after being damaged by freezing.
However, the grading standards for passion fruit frost
damage symptoms are essentially nonexistent, which
makes it difficult to determine a passion fruit frost
damage index. Therefore, by comparing the
morphological changes of trees after frost damage in
six disaster-prone passion fruit plantations and then
combining with literature, expert interviews, and
disaster survey results, this paper graded the trees
according to the degree of damage, set four levels of
cold and frost damage grading of mild, moderate, severe
and most severe, and summarized the symptoms of leaf,
branch and main stem in each level to obtain the grading
standard of passion fruit frost damage symptoms
(Table 2).

Preliminary Determination of the Passion
Fruit Frost Damage Grade Index

According to the results of winter observation tests in
2018/2019 and 2020/2021, combined with the collection
and inversion of historical disaster samples, a total of 52
passion fruit cultivars with clear dates, locations, fruit
tree morphological changes, and extreme minimum
temperatures in the process under natural conditions
were obtained (Table 3), including 12 passion fruit No. 1
disaster samples and 40 passion fruit No. 3 disaster
samples. According to the grading standard for passion
fruit cold and frost damage victims, 52 samples were
graded to determine the damage level of fruit trees,
and 0, 1, 2, 3, and 4 represented no cold and frost
damage, mild cold and frost damage, moderate cold and
frost damage, severe cold and frost damage, and most
severe cold and frost damage, respectively, and 0.5,
1.5, 2.5, and 3.5 represented no~mild, mild~moderate,
moderate~severe, and severe~most severe grade,
respectively. Each victim symptom level corresponded
to the local extreme minimum temperature at that time.

The correlation between the frost damage grade
X and the extreme minimum temperature T . of the
passion fruit disaster samples was analyzed, and a dot
aggregation map was drawn (Fig. 1). According to the
correlation results, the extreme minimum temperature
and frost damage grade of passion fruit No. 1 and No. 3
were negatively correlated, with correlation coefficients
of -0.884 and -0.931, respectively.

The two varieties of passion fruit frost damage grade
X and the lowest temperature T . of the process were
fitted by univariate quadratic, tertiary, and quaternal
equations, and showed good fitting effects, among which
the fitting degree (R?) of passion fruit equation No. 1
was between 0.8486~0.8854, the fitting degree (R?) of
passion fruit equation No. 3 was between 0.8944~0.9288
(Table 4), and the F test results reached a very significant
level (P<0.01).

Table 2. Grading standards for passion fruit cold and frost damage symptoms.

Frost Damage Changes in Fruit

Changes in the Blades

Changes in Branches Changes in the

Level Trunk
. A small amount of fruit The leaves are scorched yellgw, and There is no change in the
Mild are dropped the frost rate of the leaves is not branches No change
PP more than 20%
.. | Approximately 20%~50% of the The young tips at the end are
Moderate Alarge n:;rlgbser of fruit leaves are frozen, and the leaves are | freeze-dried, and the secondary No change
P scorched yellow branches are free of frostbite
The fruit is severely
frozen, and due to the The frost rate of leaves reaches The peripheral branches are
Severe freezing and ripening, | 50%~80%, and the leaves are dry freeze-dried, and the main No change
a large number of fruits and fall off branches are partially frostbitten
are dropped

The frost rate is 100%,

Most Severe the fruit rots and falls

80%~100% of the leaves are dry
and fall off

The main stem is

freeze-dried and

cracked, and the
plant dies

The branches and main
branches have brown stains and
dried up to death




5395

Frost Damage Grade Index and Risk...

0 1oeduwt oN € 'ON MnJj uoissed v'S yT1e10c Ayunop ayguid ‘drysumor, regznp
€ boaEQommmhw%ﬁww%wwm%mmwmmw% w%wmoﬁ%ww wals Ay ¢ 'ON ¥y uorsseq 0¢C €CT610c Kuno) FurfueN ‘o8e[[iA Suedorn
€ peay oy pue v MM».MW %M:MHMMM:“W“%%MMM o) JO WS AL [ "ON ¥Inyy uoisseq 0C €Creloc Koy SurfueN 93e[[iA SueSoen

50 pey saydueIq aYy) pue ?omwwb%owwwﬂmo\aoﬁ Jo Joqunu [[ews y € ON I torssed §C 81CI'810C Ayunod syl “drgsuso], 3uajnry
€ [)eap 0} 9ZOJJ PUB PAISYIM SYOURIQ PUL SOABI [ "ON MnJj uoissed 8T L'T810T Kunoy uenkon ‘drysumo] noxony
v PISOAIRY JOU DJOM PUE [[JBIP 0) 9ZOIJ SSUI[PAIS HNIY J[OYM Y[ | [ "ON }NIJ uoissed 6 9'7'810C Auno) rejduok ‘umo], Suekeq

g€ UONIQISOI) ATOM SUIDIS PUB SIABI] JINIJ UOISSEJ € "ON 1InJJ uoissed c¢- 9'7'810C 1019s1(] SuIpSuox ‘umo] eysulf
14 a[oym oy pue ﬁ&oamwmo%oﬂ Q:NMM WM%%%%E ‘S9ABA] A, € ON g toIssed re yT8IoC ‘umo], mwwwﬂwm MMMMM&M@%&
¥ PISIAIRY JOU dJOM PUE [} 0) 920 SSUI[PIIS JNIY S[OYM UL | [ "ON }NIJ uoissed 6" 9'7'810C 1owsiq Surduex ‘umo] SuepSuepy
€ e3P 0} 9ZOJJ PUB PAISYIM SYOURIQ PUL SIARI] € "ON 1InJj uoissed T 9'7'810C 1019SI(J ON[UIY ‘UMO} ueqng
9 PaIayIIM pue dFewep JS01) PAIAYNS SAYIUBI] PUB SIABI ] € "ON NnJJ uoissed ¢ 9'7'810C 191ISI(] ONJUIY ‘UMO] oeIX3uo(]
v PISOAIRY JOU dIOM PUE [JBIP 0) 9201 SSUI[PIIS oY) [[V [ "ON 3InJJ uoisseq 9'L- 9'7'810C A1) nmoeys ‘umo], Surdoy

S'¢ PAIOYIIM SIYOULIQ PUE SIABI] Y], [ "ON Nmuj uorsseq I'¢- 9'7'810C Kyuno) SueySueyg ‘umo], npSuoyy
I PATM SAARD] [T8 JO %ST-01 [ "ON My uotsseq 70 9'T'810T Ayunop Suerluer] ‘uequens) ‘o3e[[IA 1[EN
I MO[[oK POUIN) WA} JO SWIOS PUE PAJ[IM SIABI] Y, [ "ON ¥ uoisseq 70 9'7810C Auno)) ue eny ‘umo] uerleys
. uozo1j APYSIIS 910Mm SIYJUBIq ) . . Auno)

s1 9y pue ‘uozoij a1om doy oy Je soAL9] JO JoquUNU dFIe] € ON I uotssed (4 9T8lIo0c ue eny ‘diysumo] SuodeA ‘O3e[[IA BOYUIA
. U9Z0IJ 9JoM SAOULIQ JO JoqUINU . . .

ST [Tews & pue ‘mo[[o£ pauiny doj ot Je saAe9] Jo Joquinu d5Ie| € ON I totssed Lo resioe Aunod Suagouer ] UMOL noxsuad

01- USZOIJ 9JOM SIUOURIQ PUE ‘[[9f SIABI] JO Joquinu d5e[ € "ON NInJj uoissed 01- Z1'1°810T Auno) aySuld ‘diysumoy, Suoynry

e,
S0 MO[[A AIySB1[S poum) SOABS] oY ], € 'ON 1y uoisseqd 9T 1TCIL10T o1qe108oA pue L 1[ung) Auno) rejSuey)
wie,|

0 yoedwr oN € 'ON JInij uoIsseq I's LT'CI'910C 21qe1080A, pue L 1[ung) Auno) rejSuey)
. “U0Z01J oJe SAYOULIq JO . . . e,

§1 JoquINU [[eWS € PUB ‘MO[[9A UIN) SOIABI] SUWIOS ‘PAI[IM SOABI] AU, € ON totssed 9T sTTotoe 21qe1a8aA pue yni] rund) Ayuno)) reysuey)

o8ewe(] 1501 (D,) damyerodwa], sarnjerodway,
Jo swoldwAg saduey)) [eo13ojoydio da1], 30| IeAnn) WNWIUTA MOT AjowonxH Jo 9IS UOIBAIOSqO
Jo ope1n owanxy 20ULINDI() JO o

‘sodwres Juownadxa juowdoe[dsip [eo1ydei3093 pue SUOIIBAIdSqO P[oY JINIJ UOISSE] “¢ 9[qe],




Kai Yang, et al.

5396

USNIQISOIJ 2IOM SOUOURIq dY) pue

¢ ‘MO[[QA PAULIN) SOABI[ A} JO %,()S UBY) QIOW ‘PAJ[IM SIABI A, ON G uotssed X4 I'Treoc Ad Surddueyz ‘umorovibuon
I MO[[oA pauiny saAed] owos ‘paddoip syniy swog "ON }INJJ UOIssed S0- 1’11202 Auno) noyury ‘umo], eysieq
14 Esp ‘ON Jnij uolssed €6 'I"1e0c Auno) Surdnpy ‘umoy, ayeq
03 9zo1j syueld oY) pue [[9F SHNIJ PUB SIABI] JO Joqunu d3Ie]
. . . wLsiq
z POIOY)IM SAYIURIQ PUE SOABY] ON] JINIJ UoIssed 01- 1'1°1202 SuoyoBuery ‘umo] oequer] OFE[IIA g
I . 2] Sy ouos "ON] JINLIJ UOISSEJ S0- 1'1°1202 K1) ue, n ‘umoq 1ysreqery
PUE ‘MO[[9A POUIN) PUB PAY[IM SIABI] ) JO 9,0 Aforewrxorddy : : : S
Ayuno)
¥ PAISOAIEY JOU QIOM PUE [JLdP 0} 9Z0I STUI[PISS JINIJ d[oym Y "ON }INJJ UOISSed L'G- 1’11202 oS ‘wmo] omboBs ‘SFeqA SuwngzEEny
1 Hozoy "ON T UOIssed €0 1'1°1202 Kuno)) aysurd ‘diysumo] reqznpy
Jou AJ[EBJUISS PUEB PAJIQJJE OIOM SIABI] JO JoqUINU [[BWS Y : : < :
. . - Auno) Suiluen
€ PAIAYIIM SAYOURIQ PUB SIABI ) JO ISON ON JINIJ UOISSed I'e- I'1° 1202 ‘wmoy, Suenousny ‘sfeA cenSuq
¥ . Hozoy sem HMEE sloum o "ON }INIJ UOISSEJ 61 1’11202 e ] AJrwe,] ueysung Sudyouer|
pue ‘A[SNOLIdS JJO [[9] JINIJ oY) ‘USZOIJ 9IOM SIABI] Y} JO %00 | : : : :
paIoym N 11011 UOISSE . . Josi Suekuelp
4 SoyoUeRIq Y} JO QWOS PUB ‘MO[[OA PIUIN} SIABI] ) JO ISO]A N Y HOssed v9 I'rizoe ‘diysumo] Sueynyg ‘a8e[[IA Suejueld)
I PoI0oJe 10U 9I0M SOYOUBIQ A} ‘UIZOIJ dTIM SOABI] Y, "ON }INIJ UOISSEJ S0 1’11202 UoTe)S IOY)BIM OBQUEL],
z UoZOY S19M "ON }INJJ UOIssed L0- 1'1°1202 neaing [ed130]0J0RN Ajuno)) ue eny
soyoueIq QWOS pue ‘sannuenb aZ1e] ur MO[[oA pauIn] SaABI[ Y|, : : :
A1
4 yreap 03 ozoxy yue[d ojoym oy ‘ON ¥mj uorsseq Y- 1€C10coc Supn ‘diysumoy, E.ww a “oSeA ysalq
‘ . . e wusiq
0 [1om Surmois jou Ing ‘udzoj JON ON] JINIJ UOISSed Ty 6170202 SusyoSusry ‘waoy oequELL SSE[IA O
. . - wLsiq
I UQZOIJ 219/ SSUI[PIIS ) JO dWOS ON] JINLIJ UOISSeJ LT 1€1°0202 SuoyoBuery ‘umo] oequer] oFel[IA 1ng
€ UJZOIJ 2I9M SAYIURIQ ) JO ISOIN "ON }INJJ UOISSEJ 0 0€°1°020C Kuno) aysuig ‘diysumo] Judynry
. 199JJ9 S[NI] pamoys . . - ¢
50 soyoueRIq AY) PUB ‘MO[[oA PAUIN] SIABI] JO JoqUUNU [[BWS Y ON M UOISSEd st €ereloc Ajumo) dysulg “diysumol, Suopry
¥ . Heop 01 920y Eﬁmn . "ON }INJJ UOIssed 9°¢- 8 CI'610T JosI(q SueAuelf ‘umo], noyng
J[OYM AT} PUE ‘POIOY)IM TIAIS UTEW PUE ‘SIYIULIQ ‘SOABI] O T, : : A ‘
4 PAIDARY P pisoy "ON NN UOISSe 6'1- 8TI'610T Ay no uerf ‘umo], oetbsuo(

QIOM SQUOUEIQ OU} PUB ‘MO[[OA UIN) PUEB UIZOILJ 9I0M SOABI[ oY,

‘panunuo)) *¢ 9[qeL,




5397

Frost Damage Grade Index and Risk...

U013 paurewos syue[d om) Jo Speay] Ay} JO SW)s

omsIq

¢ o) pue “Yeap 0} 9zoiJ sSuI[pads da1y) ay) Jo juefd sjoym ay [, ON R HOISSed L erreoe SuoyoSuery ‘umo] oequel] ‘@3e[[IA 1nd
UQZO01J JOU SEM WSS UTBW dY) PUB ‘Soa130p Surkrea 0} udzoij N 1ML UOISSE . . LOMEIS I5UIESA OBALEL
4 QIOM SQUIA PUE SOYOURIQ A} ‘USZOIJ A[OIOAIS OIOM SOABI[ O], N30y HoIssed 80 ¢rrizoe Hes U queLL
paddoip synij Jo 1oquinu 931e] € pue ‘USZO0IJ dIoM . . - .
4 SOUOUEBIQ QUWIOS ‘UAZOIJ 2IOM SIABI] P} JO %0f A[jewrxoiddy ON MY HOISSed 80 €TI0 Aunod ayaul “drysumor, ez
¥ [)eap 03 9Z0JJ SSUI[PASs JINLY A[oyM O], "ON NN} uoIsseq 94~ €11 1202 PY170D
: : : : [eImNOLIS Yy UIXOBPUBI[ JOLISIJ onjury
. ‘o - oseq
14 {1e3p 0} 9Z01J STUIPIJS JINY S[OYM Y, ON ¥y uorsseq €9 6'1'120C nig digsumoy, £1unoy) pio Aunoy) 1x5uog
¥ [JBop 0} 9Z0JJ STUI[PAds JNIY o[oym ], "ON JINJJ uoissed e 1'1°1202 Auno) aySuld ‘diysumo] Suoynry
S'1 [1J SHNIJ Jo Ioquunu A3Ie[ B PUL ‘UIZOIJ dIdM "ON }INJJ UoIssed S0- 1'1°1202 umo], ueyssuo| SurfueN
SAUOURIQ QWOS ‘UIZOIJ AIIM SIABI] A} JO %,0f A[orewrxorddy
. doip 3y 010A9S Ul SUNNSAI ‘USZOIJ IOM SIYOUEI] JO JOqUINU . . . .
S [[eWS & PUE ‘UMOIQ PIUIN} PUB USZOIJ dIdM SIALBI] AU} JO 9%0T ON 3 HOISsed I I'T'Teoe Aunod oerxung “umoy uenony Suiduvys
: ue ‘poSewep 1so. \mcomm@w Mw_os\%mooﬂwm UE SQUOURIq ‘MO[[oK "ON }INIJ UOISSE, 0- T PV] 00 uatudopaaay
Sl pue 'p P 1804 ApYSY AP ) JoueIq "Mof] N Iy uoisseq ¥'0 I'rieoc [emnouSy Suekowony reySuey)
PAUIN} PUE POISOIJ JOM SIABI] AU JO 9,0 ‘@Tewrep 1s01) PIIA : : :
1P 0} UJZOIJ JOU SeM WIS UIBW JUf) PUE ‘USZOIJ dIOM S)INLL 9A1Ee19d00)) [RUOISSIJ0I] 9]qe1aS9,
3 oMS%ENE J e P ) o ON My uoissed 4% I'ricoc ; D [BHOIRIod A1 A
IJ 910M SOUIURIQ A} ‘UOZOIJ JIIM SIALI] AU} JO %08 pue jini{ Suoyzuer| Ajuno)) ue eny
Pa¥OBID PUB USZOIJ SeM WR)S Urew dy) pue ‘adLr pue -ON 11T UOISSE — - KIUNOA UB AL “UAMOT UL
14 UQZOIJ I0M S)INIJ AU} JO %00 ‘UIZOI} 2IIM SIABI] 3} JO %00 | N 3G HoIssed ve I'T'reoc 1unoD e EnH L npuetX
U9Z01J 9JoM SSUIPIS JINLI) INO 1OLIST
4 J (P298 U T "ON ¥y uoisseq (N 'ricoc mnd

J0 9%0L-0t pue ‘sd1} JopuS) Yjm USZOI) sem SuI[pods Jniy suQ

SuoyoJuery ‘umo] oequer] ‘93e[[IA Ind

‘panunuo) "¢ A|qel,



5398 Kai Yang, et al.

The above fitted equations were substituted with moderate~severe, sever~most severe grades, and the T
the frost damage grades X = 0.5, 1.5, 2.5, and 3.5, and values obtained by the same frost damage grade X of the
each equation could preliminarily obtain the critical low three equations were averaged to obtain the thresholds
temperature threshold T . of no~mild, mild~moderate, of each grade of passion fruit No. 1 as 0.44°C, -0.87°C,
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Fig. 1. Passion fruit cultivar by frost damage grade and extreme minimum temperature scatter diagram: a) Passion fruit No. 1; b) Passion
fruit No. 3.

Table 4. Fitting results of cold and frost damage grades and extreme minimum temperature of two cultivars of passion fruit.

Cultivar Regression Equation Fitting Rate R?
Tonin = —0.8795x2 + 2.2832x — 1.6034 0.8486
Passion fruit No. 1 Toin = —1.3014x3 + 7.1097x2 — 16.118x + 10.015 0.8827
Tonin = —0.7089x* + 6.2211x3 — 18.921x2 + 21.982x — 8.6067 0.8854
Tin = 0.2953x2 — 3.187x + 4.1077 0.8944
Passion fruit No. 3 Toin = —0.3219x3 + 2.2938x2 — 6.3257x + 4.9473 0.9283
Tin = 0.0388x* — 0.6411x3 + 3.1182x2 — 7.0143x + 5.0257 0.9288
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Table 5. Basic instructions.

Cultivar No Damage Mild Moderate Severe Most Severe
. . -1.5°C<T_ < -3.5°C<T . < .
Y i O, < 0, min— min— min—
Passion fruit No. 1 T ,>0.5°C 0.5°C<T _, <0.5°C 0.5°C _1.5°C Y- e
. . o 5 o o 5 -3.0°C<T_, < T.=
Passion fruit No. 3 T >2.5°C 0°C<T , =2.5°C -1.5°C<T_, <0°C _1.5°C 30°C

-1.92°C, -3.67°C, and the thresholds of each grade of
passion fruit No. 3 were 2.37°C, -0.31°C, -1.70°C, and
-3.11°C. For the convenience of application, at 0.5°C, the
passion fruit No. 1 cold and frost damage low temperature
grade indices were preliminarily determined: T >
0.5°C, no cold and frost damage; -0.5°C<T . <0.5°C,
mild; -1.5°C<T . <-0.5°C, moderate; -3.5°C<T__
<-1.5°C, severe; and T . <-3.5°C, most severe. The low
temperature grades of passion fruit No. 3 cold and
frost damage were as follows: T . >2.5°C, no cold and
frost damage; 0°C<T_.<2.5°C, mild; -1.5°C<T_. <0°C,
moderate; -3.0°C<T_. <-1.5°C, severe; and T . <-3.0°C,
most severe.

The results showed (see Table 5) that when passion
fruit was frost damaged, the freezing damage of the
two species of passion fruit tended to be severe with
the decrease in extreme minimum temperature T . .
The critical threshold of each frost damage grade of
passion fruit No. 1 was lower than that of passion fruit

No. 1, except for the severe grade of passion fruit No. 3
(all -1.5°C), indicating that passion fruit No. 1 was more
resistant to low temperature and stronger cold resistance
than passion fruit No. 3.

Preliminary Determination of the Passion
Fruit Frost Damage Grade Index

Low Temperature Simulation Test
of Artificial Climatic Chamber Test

According to the results of the low-temperature
simulation test of the artificial climate chamber, the
actual frost damage grades of passion fruit No. 1 and
No. 3 seedlings were obtained according to the grading
standards of passion fruit cold and frost damage, and
the frost damage grades calculated according to the
preliminarily determined indicators were compared.
The results are shown in Table 6 and Table 7.

Table 6. Comparison and verification of the low-temperature simulation test in the artificial climate chamber (passion fruit No. 1 seedling).

Processing Mode

Symptoms of Frost Damage

Actual Frost Grade G2 Grade
Damage Grade | According to | Comparison
Gl T GI1-G2

min

3°C,2h,1d
3°C,2h,2d
3°C,4h, 1d
3°C,4h,2d

No impact

2°C,2h,1d
2°C,2h,2d
2°C,4h,1d
2°C,4h,2d

quickly recovered

1 or 2 leaves at the top softened and drooped and then

1°C,2h, 1d
1°C,2h,2d
1°C,4h,1d
1°C,4h,2d

quickly recovered

3 leaves at the top softened and drooped and then

0°C,2h,1d
0°C,2h,2d
0°C,4h,1d
0°C,4h,2d

4-6 leaves at the top drooped

-1°C,2h,1d

The apical blades softened and drooped 1 2 1
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Table 6. Continued.

The leaves of the three seedlings did not droop, and the

-1°C,2h, 2d young leaves were affected and appeared water-stained

The young leaves of 2 seedlings were damaged, water-
-1°C,4h,1d stained, and did not droop; The 2 young leaves of 1 2 2 0
seedling softened and drooped without recovery

The petiole became soft and bent, and the blades all

-1°C,4h,2d changed 3 2 1
29C,2h,1d The leaves of all 3 seedlings were frozen, and the top 3 3 0
branches were frozen
2°C.2h,2d 1 fruit seedling froze to death, 2 fruit seedling leaves 3 3 0
were frozen, and some branches were frozen
29C,4h,1d The leaves of all 3 seedlings were frozen, and the 3 3 0
branches above 14 cm were frozen
2°C.4h,2d The leaves of all 3 seedlings were frozen, and the 4 3 |

branches above 14 cm were frozen

The leaves of 1 seedling above 20 cm were frozen; The
-3°C,2h,1d leaves of 1 seedling were frozen; 4 leaves on the tender 3 3 0
tip of 1 seedling were frozen and drooped

-3°C,2h,24d

After treatment, the observation was restored for 24 h,
-3°C,4h,1d and the whole plant of 3 seedlings was frozen, and 3 4 3 1
plants froze to death after 30 days

-3°C,4h,2d
-4°C,2h,1d
4°C,2h,2d The whole plant of the 3 seedlings was frozen, the leaves
were all drooping, the stems were frozen and soft, and 4 4 0
-4°C,4h,1d all 3 plants froze to death after 30 days
-4°C,4h,2d

Table 7. Comparison and verification of the low-temperature simulation test in the artificial climate chamber (passion fruit No. 3 seedling).

Actual Frost Grade G2 Grade
Processing Mode Symptoms of Frost Damage Damage Grade | According to | Comparison
Gl T . G1-G2

min

3°C,2h,1d
3°C,2h,2d
3°C,4h,1d
3°C,4h,2d
2°C,2h,1d

No impact 0 0 0

2°C,2h,2d The apical 4-6 leaves of the seedlings became soft
2°C,4h,1d and drooped

2°C,4h,2d
1°C,2h,1d

1°C,2h,2d The apical 6 leaves of the seedlings became soft and
1°C,4h,1d drooped

1°C,4h,2d
0°C,2h, 1d
0°C,2h,2d
0°C,4h,1d
0°C,4h,2d

1/3 of the leaves of the 3 seedlings froze and drooped 2 2 0
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Table 7. Continued.
1 seedling was slightly frozen and could be recovered,
-1°C,2h,1d 1/3 of 1 seedling was frozen, and 1 seedling 2/3 of the 2 0
plant was frozen
-1°C,2h,2d All leaves of the 3 seedlings drooped 2 0
All leaves of 1 plant were softened and sagged by
freezing, with obvious water stains; most of the leaves
o of 1 plant became soft and drooped due to freezing,
-1°C,4h, 1d and the edges of the old leaves become soft; most of 23 03
the frozen leaves of 1 plant became soft and drooping,
while some old leaves did not droop
All the leaves of the 3 seedlings drooped, the
J1°C.4h.2d stems were stained with frozen water, and the three 3 |
T seedlings were observed to freeze to death after 30
days
-2°C,2h,1d The leaves of all 3 seedlings were frozen, and most of 3
-2°C,2h,2d the branches were frozen 3
-2°C,4h,1d The leaves and branches of the three seedlings were 4 1
. frozen, and three seedlings were observed to freeze to
-2°C,4h,2d death after 30 days 4 1
6 leaves on the tender tip of 1 seedling were frozen
and drooped, and the tender tip drooped; 6 leaves on
39C,2h, 1d the tender tip of 1 set:edllng were frozen apd drooped, 4 4 |
and the tender tip did not droop; 1 seedling branch
was mostly frozen; after 30 days, 3 plants were
observed to freeze to death
-3°C,2h,2d
o The whole plant of the 3 seedlings froze, and after 30
-3C,4b,1d days, all 3 plants froze to death 4 4 0
-3°C,4h,2d
-4°C,2h, 1d The whole plant of the 3 seedlings froze, the leaves
-4°C,2h,2d were all drooping, the stems were frozen and soft, and 4 4 0
4°C.4h.1d all 3 plants froze to death after 30 days

As shown in Tables 6 and 7, the lower the extreme
minimum temperature, the more severe the symptoms
of frost damage in passion fruit seedlings. The results
of the comparison and verification of frost damage
grades showed that under 8 temperature levels,
25 samples from 32 samples of Passion Fruit No. 1
seedlings matched with each other, with a coincidence
rate of 78%, and 28 samples from 32 samples of Passion
Fruit No. 3 seedlings matched with each other, with a
coincidence rate of 87.5%. Under the same extreme
minimum temperature treatment, passion fruit No. 1
seedlings had milder cold and frost damage symptoms
than passion fruit No. 3 seedlings. In the 3°C, 2°C, and
1°C treatments, passion fruit No. 1 seedlings had cold
symptoms, but quickly resumed growth, and passion
fruit No. 3 seedlings from 2°C suffered from cold and
frost damage, which adversely affected later growth,
suggesting passion fruit No. 1 seedlings have stronger
cold resistance and can withstand lower temperature cold
damage. This is consistent with the preliminary results
of the frost damage grade index of the two varieties
of passion fruit.

The main reasons for the frost damage grade error in
the analysis test are as follows. First, the cold and frost
resistance of passion fruit seedlings is weaker than that
of adult trees, so the symptoms of cold and frost damage
are more obvious at the same low temperature. Second,
in this low-temperature disaster test, the treatment of
each low-temperature duration was increased, so the
longer the low-temperature duration, the more serious
the cold frost damage symptoms of passion fruit.

Comparative Confirmation of Disaster
Situation in Literature Collection

At present, purple passion fruit, yellow passion
fruit, purple fruit, and yellow fruit hybrids are the
three main cultivated populations. China’s main
passion fruit varieties are Tainong No. 1 (purple-yellow
hybrid), golden passion fruit, purple fragrance No. 1,
and Mantianxing. Fujian Province passion fruit No. 1
and No. 3 are new varieties after the improvement and
domestication of Tainong No. 1 and golden passion
fruit, so there is little difference between the original
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varieties. Therefore, through literature collection [27-

=)
30], some passion fruit frost damage information was 0.2«
. . . bl
obtained, and the preliminary frost damage grade was s 33 e - e e e e
verified through the analysis of disaster data. © g ©
From the passion fruit disaster samples in Table 8, it
can be seen that 8 of the 10 samples’ actual frost damage q
grades are consistent with the grades judged by the 95 £
.. .. T g 5 = 9\ 9\ [\ e e en
preliminary indicators, indicating an agreement rate of £ g9
80%. The reason for the error of the 2 incorrectly judged o<
samples is related to the duration of low temperature N
and the weaker cold resistance of fruit seedlings than 'é? 5 ~ n ~ . n .
that of adult trees. The literature of samples 1, 5, 6, and O
8 all pointed out that the cold resistance of purple fruit " D
cultivars is stronger than that of yellow fruit cultivars, g % s | = § el 8.
and the literature of sample 6 also showed that the cold £E2 5885 S 15388
resistance of purple-yellow hybrids is also stronger than 'f 273 = ?"; E |23le3
that of yellow fruit varieties, which is consistent with o | B a“:; = E, = E = g § g f;
. . . . . 2} =
the results obtained in this study that passion fruit No. 1 o éﬂ i ER - L b E 2 g
. . == o = ] = =
(purple-yellow hybrid) has stronger cold resistance than é" g |24 § 2z = 2 |z E|lgE
. = s = b =
No. 3 (yellow fruit). S| g |E 2 SlE 2 2 - E |4 2 2 2
2| £ |22S| 22|58 3 |ES|EEC
. . . . | w < @ o as|as
Final Determination of the Passion £ S |23 _§ 2 § &l & El o E
Fruit Frost Damage Grade Index E E |28 & fg’ g2 3T |gE|lgE
From the above experiments and literature disaster & | 8 %‘ i 9 E 8 f‘:’ 2alE s
analysis, it can be seen that through the verification £223F152|% g |5 28|s 8
o . . g2 =2l 3%c| s S |S&E|8E&
of two methods of artificial climatic chamber low- S 58| 58|5 v [Bo[B o
: : : o< B o 5| e ﬁ o Q0o 2
temperature disaster tests and literature collection, = = z g = = e =
the frost damage grade index of the two varieties of g | =
passion fruit is mostly consistent with the actual frost ~
damage grade of 81.8% (average), indicating that the £ - < - 2 X Q
preliminarily determined frost damage index is reliable. E_E ' ' ' '
Combined with the symptoms of passion fruit frost
damage, the grade indicators of passion fruit No. 1 “ I s | 2| 2 =z
. [ N
and No. 3 frost damage were finally determined (see = = a 9 g g9 edg
£ Q ot : = 2% E|l s
Table 9). 5| 2 S| s | S| 5 |222e
£ = = g
Climatic Risk Regionalization for g = S § § § §
Cold and Frost Damage Planting of the 2 o
Main Varieties of Passion Fruit 5 = = s | |8
2 S O 2 x| € = =
z 5] = oh = | 2 S o 8o
. .. o an O = SO |2 v olwnn o
According to the extreme minimum temperature of I ,g g |B8|E 3|C = E|=3 £
the low temperature process, we refer to the determined E 22 |O%|c2|E82 E3|E3
. . . s © = Ay 2\5 < §D 5 0 el gx
passion fruit frost damage grade index, construct 8 2 New | E-|25(082 2|8
the passion fruit frost damage risk index, establish ~ e 2.3 3 & %ﬁ g 3% &%
. . . . e 5 & g = 2 .= [}j o= Gj -
a multiple regression model of passion fruit cold » gz e HE Rz R e
. . . =
and frost damage risk index and the longitude, = =3 2 § 2| 2 ERARERS
latitude, and altitude of the measuring station, use GIS '—§ = %D =02 g |2
. . =5
technology to geo-interpolate the frost damage risk 5 = ~ - ~
index, convert the point data into surface grid data, and 8 = &= = = = o
realize the spatial continuous distribution of the frost E £ &= £ £ E |25
d o > Ny = = = = = |82
amage risk index. 2 g 2 2 2 2 k) *é <
From the climatic risk regionalization map of the b :; g g é g é = g
two main cultivars of passion fruit (Fig. 2), the areas £ © 5 5 g g 2 |Bz
of passion fruit No. 1 and No. 3 with no cold and frost Ei = = = = EE5
damage to mild frost damage are mainly distributed in qg © © © © =
the coastal areas of Fujian Province, which is therefore > o
. . (e
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is thus suitable for the introduction and expansion of
passion fruit No. 1 and No. 3. However, in the winter
cold air process, irrigation, straw covering, smoke, trunk
bandaging, increased application of hot phosphorus and
potassium fertilizer, spraying fruit tree antifreeze, and
other cold prevention measures should be adopted to
reduce or avoid frost damage losses. Passion fruit No. 1
has stronger cold resistance, and its northern boundary
of planting could reach Fuding City in Fujian Province.
Its inland planting area can reach Shanghang County,
Zhangping City, and Gutian County, and its frost-free
planting area is also wider than that of passion fruit No.
3. Its northern boundary can reach Lianjiang County, so
passion fruit No. 1 is more suitable for the introduction
of seeds in the inland and northern areas of our province.
Moderate frost damage areas are mainly distributed in
the central and southern inland areas of our province.
Fuyjian Province introduced passion fruit disaster risk as
a low-risk area, and the rest of the areas include severe-
most severe frost damage areas. Due to the high cost
of planting in facility greenhouses, in Fujian Province,
passion fruit planting is less popular and applied, so it is
recommended that moderate frost damage areas should
not change the planting time and should still adopt the
spring planting method to avoid the loss caused by the
winter cold air process.

Discussion

The occurrence and extent of cold and frost damage
to fruit trees are related not only to the intensity of
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low temperatures, but also to the duration of low
temperatures. Therefore, some scholars have established
comprehensive climate indicators for cold and frost
damage with multiple disaster-causing factors, such as
extreme minimum temperatures, maximum cooling
amplitude, duration days, and harmful accumulated cold
values, to monitor and evaluate the process of cold and
freezing damage to fruit trees [31-34], but this indicator
requires long-term forecast data and lacks practicality in
real-time warning of cold and frost damage. Therefore,
this study considers the practicality of an index in early
warning detection and uses the extreme minimum
temperature to determine the grading index of the
passion fruit frost damage level. Since fruit trees may
also be related to their own botanical characteristics
in the process of suffering from frost damage [35, 36],
research on the changes in plant physiological indicators
after passion fruit frost damage can be conducted, and
in future research on fruit tree frost damage, in addition
to temperature factors, meteorological factors, such as
precipitation, wind, sunshine, and other meteorological
factors can be added to construct comprehensive
meteorological disaster indicators of low temperature
processes, so that the early warning effect of cold and
frost damage is more accurate.

Conclusions
1. In this study, passion fruit No. 1 and passion

fruit No. 3, the main cultivars of passion fruit in
Fujian Province, were taken as the research objects,
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Fig. 2. Climatic Risk Regionalization for Passion Fruit Cold and Frost Damage Planting: a) Passion fruit No. 1; b) Passion fruit No. 3.
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and combined with various methods such as historical
disaster inversion, orchard positioning observation,
and geographical displacement experiment. Combined
with the grading standards of passion fruit cold and
frost damage victims, mathematical statistical methods
were used to determine the cold and frost damage
grade index of passion fruit subcultivars, and it was
found that passion fruit No. 1 was more resistant to
low temperature than passion fruit No. 3, and its cold
resistance was stronger.

2. Through the verification of two methods of
artificial climatic chamber low-temperature disaster tests
and literature collection, the preliminary obtained frost
damage grade index of passion fruit and the actual frost
damage grade agreement rate reached 81.8%, indicating
that the determined frost damage index is reliable. The
main reasons for the deviation in the analysis of frost
damage grade are as follows: first, the cold and frost
resistance of passion fruit seedlings is weaker than that
of adult trees, so the symptoms of frost damage are more
obvious at the same low temperature; second, the longer
the duration of low temperature in the sample, the more
serious the symptoms of passion fruit frost damage.

3. According to the results of passion fruit cold
frost damage planting climate risk regionalization,
passion fruit No. 1 and No. 3 no cold and frost damage
- mild frost damage areas in Fujian Province are mainly
distributed in the coastal areas of Fujian Province, which
is the area with the lowest risk of passion fruit planting
No. 1 and No. 3 in Fujian Province, and is suitable for
the introduction and expansion of passion fruit No. 1
and No. 3. Due to its stronger cold resistance, passion
fruit No. 1 can be planted in a wider area throughout the
province, which makes it more suitable for introduction
in the inland and northern areas of Fujian Province.

The research results can establish objective and
quantitative low-temperature cold and frost damage grade
indicators, and provide technical support for the fine
monitoring, early warning assessment and regionalization
of passion fruit cold and frost damage in our province,
and a scientific basis for local agricultural production
departments to formulate appropriate decisions and
measures for seed introduction, expansion, disaster
prevention, and mitigation.
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