
Assessment of Pruning and Controlled-release
Fertilizer to Rejuvenate Huanglongbing-
affected Sweet Orange

Tripti Vashisth1 and Taylor Livingston1

ADDITIONAL INDEX WORDS. citrus greening, leaf area index, nutrition, root-to-shoot
ratio

SUMMARY. Previous research has shown that Huanglongbing {HLB [causal agent
Candidatus Liberibacter asiaticus (CLas)]}-affected sweet orange (Citrus sinensis) trees
have a reduced root-to-shoot ratio, potentially due to the high rate of root death. The
diminished root system cannot support the existing aboveground canopy and a cycle of
imbalance begins. As a result, the tree enters into a continuous carbohydrate stress cycle
and, eventually, the tree declines. Therefore, the goal of this study was to evaluate
pruning as a strategy to adjust the root-to-shoot ratio to improve growth and pro-
ductivity of HLB-affected trees. In Jan. 2015, a 3-year trial was initiated on a 14-year-
old grove of ‘Hamlin’ sweet orange on Swingle citrumelo (Citrus paradisi · Poncirus
trifoliate) rootstock that was symptomatic of HLB and produced less than 180 lb of
fruit per tree. The four pruning treatments were as follows: 1) 0% pruning (no canopy
removal), 2) 25%pruning (canopy removed), 3)50%pruning (canopy removed), and4)
80% pruning (canopy removed). In a split-plot design, two sources of fertilizer were
evaluated in combination with the pruning: 1) conventional fertilizer [CNV (dry
granular)] applied at 200 lb/acre nitrogen (N) in five split applications per year, and 2)
controlled-release fertilizer (CRF) applied at 150 lb/acre N, split in three applications
per year. Within each pruning treatment, half of the trees received CNV and the other
half receivedCRF.The fertilizer treatmentswere applied in eachof the3years; however,
pruning was performed only once in the beginning of the experiment. The trees that
were pruned produced new vegetative growth that looked healthy with no visual HLB
symptoms (initially); however, the trees remained positive for CLas throughout the
study as determined by quantitative real-time polymerase chain reaction. The 80%
pruned trees grew vigorously over the course of 3 years but remained significantly
smaller in canopy than control trees (0% pruning) for both CRF and CNV treatments.
The 25% and 50% pruned tree canopies grew back andwere similar in canopy size as 0%
pruning (control) treatment by the end of year 2. At the end of the study, the use of
CRF on 25% pruned trees resulted in a significantly higher leaf area index as compared
with trees receivingCNV.A significant positive linear correlationwas observedbetween
canopy volume and root density; the root density decreased with intensive pruning. A
significant positive correlationwas also observed between canopy volume and yield, and
a negative correlation between canopy volume and fruit drop. Therewere no significant
increases in yield resulting from any pruning or fertilization treatments compared with
controls (0% pruning). However, with the use of CRF, the amount of N and frequency
of application were reduced. Overall, our results indicate that pruning did not improve
the productivity of HLB-affected trees over the course of 3 years. Therefore, severe
pruning is not a viable option to rejuvenate the HLB-affected trees.

H
LB is one of the most devas-
tating diseases of citrus (Cit-
rus sp.) and threatens citrus

production wherever it is present
(Bov�e, 2006). HLB is caused by
Candidatus Liberibacter asiaticus
(CLas) and is spread by an insect
vector, the asian citrus psyllid [Dia-
phorina citri (Halbert andManjunath,

2004)]. CLas, is a phloem-limited
bacterium; and once a tree is infected
byCLas, plugging in the phloem sieve
pores can be observed, resulting in an
accumulation of starch in symptomatic
leaves and the aerial stem (Etxeberria
et al., 2009; Kim et al., 2009;
Schneider, 1968). Visible symptoms
of HLB-affected trees include yellow-
ing of leaves, blotchy mottle and/or
chlorotic patterns of leaves resembling
those induced by zinc and iron de-
ficiencies, and small upright leaves
(Bov�e, 2006). In HLB-affected trees,
the disruption of vascular function,
loss of roots, and altered mineral nu-
trition leads to arrested plant and fruit
growth and decline in production
(Bov�e, 2006; Halbert andManjunath,
2004). Fruit produced in severely af-
fected trees are often smaller, lopsided,
poorly colored, with aborted seeds,
and abscise/drop prematurely, even-
tually leading to decline in yield and
economical losses for the growers
(Bassanezi et al., 2011).

All citrus varieties are vulnerable
to HLB, and because there is no cure,
all of the existing groves and new
plantings are susceptible to HLB. In
the past decade, Florida’s orange pro-
duction dropped from 170 million
boxes (90 lb/box) in the 2007–08
season to �45 million boxes in the
2017–18 season (U.S. Department of
Agriculture, 2018). In such condi-
tions, vector control and intensive
fertilization and irrigation are the two
primary strategies adopted by Florida
growers (Vashisth and Vincent,
2018). Florida citrus growers are des-
perately looking for a solution to HLB
to improve tree health and productiv-
ity as well as keep the production cost
as low as possible.

Early in the infection, HLB-
affected trees suffer a significant root
loss (Graham et al., 2013), and the
CLas presence can be detected in the
root system before the appearance of
visible symptoms on the tree (Johnson
et al., 2014). This potentially causes an
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imbalance between the root and shoot
system and reduces the root-to-shoot
ratio as compared with healthy plants.
Consequently, the water and nutrient
uptake is impeded (Kadyampakeni
et al., 2014), the debilitated root
system cannot support the existing
aboveground canopy and fruit pro-
duction, and, as a result, the tree
health declines. Therefore, pruning
to adjust the root-to-shoot ratio seems
like a logical and rational choice. Nev-
ertheless, Rouse et al. (2017) reported
that severe (‘‘buck horn’’) pruning of
HLB-affected trees did not result in
tree health or yield improvement over
a period of 5 years, whereas enhanced
foliar nutritional treatment had an
effect on yield but was not economi-
cally profitable. Overall, they specu-
lated that a moderate pruning
treatment might be beneficial for im-
proving health and productivity of
HLB-affected trees. On the other
hand, many field research/observa-
tions suggest that the use of a con-
stant and balanced irrigation and

nutrition program (soil as well as
foliar-applied) can improve the
health and productivity of HLB-
affected trees (Morgan et al., 2016;
Schumann et al., 2012; Spann and
Schumann, 2009). Recently, the use
of CRF for new citrus plantings grown
under HLB-prevalent conditions has
been shown to be promising in im-
proving growth and productivity
(Vashisth and Grosser, 2018). Many
growers in Florida have considered
using CRF for HLB-affected trees;
however, because of limited scientific
literature on the use of CRF in mature
HLB-affected trees and the high cost
of CRF, its use has been limited.
Therefore, the objective of this study
was to evaluate different levels of
pruning with the use of CRF to re-
habilitate HLB-affected mature bear-
ing trees.

Materials and methods

PLANTMATERIALANDEXPERIMENTAL

DESIGN. Fourteen-year-old ‘Hamlin’

orange trees on Swingle citrumelo
rootstock, �12 ft in height, growing
at an experimental grove at the Uni-
versity of Florida Citrus Research and
Education Center in Lake Alfred, FL,
were used in this experiment. Trees
were regularly irrigated (via micro-
sprinklers) and grown under standard
commercial grove management prac-
tices, which included regular insect
and disease control. The site was on
the Mid-Florida Ridge and soil pH of
the grove was identified in the ideal
range, ranging from 6.5 to 7.2; there-
fore, no adjustments were made to
alter soil or irrigation water pH. All of
the trees in the plot showed symp-
toms for HLB and were confirmed
positive for CLas. The experiment
was set up as a completely random-
ized design with split-plot (n = 5),
with pruning treatments as main plot
and fertilizer treatments as subplots.
Data were collected on at least six
random trees within each subplot; the
data trees were selected pretreatment
based on their uniformity in canopy
density and volume. The trees were
monitored for 3 consecutive years
(2015, 2016, and 2017).

PRUNING TREATMENTS. The
pruning treatments were performed
once in Jan. 2015 using a commercial
mechanical topper (only the top of
the canopy was removed). The prun-
ing treatments (Pr) were as follows: 1)
0%, no canopy removal (control treat-
ment); 2) 25% reduction, canopy
topped about at 9 ft; 3) 50% reduc-
tion, canopy topped at �6 ft; and 4)
80% reduction, canopy topped at �6
ft and all the major branches were
manually cut back (‘‘buck horned’’).

FERTILIZER TREATMENTS. The
trees were fertilized according to stan-
dard University of Florida, Institute of
Food and Agricultural Sciences (UF
IFAS) guidelines for citrus fertilization
(Obreza and Morgan, 2008); no spe-
cial adjustments were made for HLB-
affected trees (as there were no reports
stating beneficial effects of high dose
of micronutrients on HLB-affected
trees when this experiment started).
The two soil-applied fertilizer (F)
treatments evaluated were CNV and
CRF. Both CNV and CRF were sim-
ilar in analysis for all macronutrients
and micronutrients applied, except for
the applied rate of nitrogen. The N in
CNV was 200 lb/acre and the CRF
was applied at a 25% lower rate than
CNV (150 lb/acre in years 2 and 3

Fig. 1. Average canopy volume [CV (black dots)] and percentage increase (since
Jan. 2015–17) in CV (gray- and white-fill bars) at the end of experiment in
Huanglongbing-affected ‘Hamlin’ sweet orange on Swingle citrumelo rootstock.
The pruningwas performed in Jan. 2015. The pruning treatments were as follows:
1) 0%, no canopy removal (control treatment) tree height�12 ft (3.65 m); 2) 25%
reduction, canopy topped �9 ft (2.74 m); 3) 50% reduction, canopy topped �6 ft
(1.82 m); and 4) 80% reduction, canopy topped at 6 ft and all the major branches
were manually cut back (buck horned). The fertilizer treatments were as follows:
1) conventional fertilizer (CNV) applied at 200 lb/acre (224.17 kg�haL1)
nitrogen (N) in five split applications per year, and 2) controlled-release fertilizer
(CRF) applied at 150 lb/acre (168.13 kg�haL1) N split in three applications per
year. Error bars = ±SD; 1 m3 = 35.3147 ft3.
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and 130 lb/acre was applied in the first
year). The lower rate of N in the case
of CRFwas based on literature and the
fact that the CRF is less likely to leach
from soil; therefore, a lesser rate will be
sufficient. Both CNV and CRF con-
tained urea as a primary source of N;
however, the urea was polymer-coated
in the CRF. The CNV was split in five
applications (March, May, July, Sep-
tember, and October) per year and
CRF was split in three applications
(March, July, and October) per year.
All of the trees in the experiment (both
CRF and CNV) received the same
foliar-applied nutrients.

CLAS DETECTION.CLas detection
was done at pretreatment, 3 months,
and 6 months after pruning. The mid-
ribs of the mature fully expanded leaves
were excised and stored at –80 �C until
DNA extraction. DNA extraction was
performed using DNeasy Plant Kits
(Qiagen, Valencia, CA) and quantita-
tive real-time polymerase chain reaction

was performed according to Li et al.
(2006) using rpoB (Ananthakrishnan
et al., 2013; Forward-TGAGGA-
GAAACGATGGCAAAAGGC, Re-
verse-GACATACCTGATCTCATTG-
AAGTTCAG, probe: TTGTGTTC-
AATGGTCTCGGGCG). The results
of CLas detection are reported as cycle
threshold (Ct) value.

CANOPY VOLUME MEASUREMENT.
Canopy volume was measured at pre-
treatment, 3 and 6 months posttreat-
ment, then annually, and after
harvest. Canopy volume, expressed
as cubic meters was calculated using
a geometric prolate spheroid formula:

h
ð4=3ÞðpÞðH=2ÞðACRÞ2

i
;

where p = 3.14, H = tree height, and
ACR = average canopy radius. ACR
was calculated by dividing tree diame-
ter by 2 and calculating average radius.
Tree diameter was measured in two
directions: east towest (D1) and north

to south (D2). Percentage increase in
canopy volume was calculated as the
increase in canopy volume from the
time of pruning and at the end of the
experiment.

CANOPY DENSITY. HLB-affected
trees often have sparse canopies;
therefore, canopy density can be
a good indicator of tree health and
growth. Leaf area index (LAI) was
measured for each tree to estimate
canopy density. A plant canopy im-
ager (CI-110; CID Bio-Science,
Camas, WA) was used to measure
the LAI and all the measurements
were taken in the morning of a sunny
day at the center of the canopy. The
instrument was equipped with nu-
merous light sensors to measure pho-
tosynthetically active radiation and
with a global positioning unit to
calculate the zenith angle for an ac-
curate measurement of LAI. LAI was
measured only at the end of the
experiment to assess total growth of
the tree.

ROOT DENSITY. Root density was
measured at the end of the experi-
ment (after harvest of 2017) from at
least three trees per subplot. From
each tree, eight evenly spaced soil
cores, �1 m from the trunk of the
tree, were taken from the wetted
zone. Roots were sifted, washed,
and dried in an oven at 50 �C for 48
h, then the dry weight of the root
samples was obtained. Root density
was expressed as milligram of dry
weight per cubic centimeter of soil.

LEAF NUTRIENT ANALYSIS. Thirty
random leaves with intact petioles per
block were collected annually from
nonfruiting branches. The collected
leaves were washed using acidic soap,
then the leaves were dried for 48 h in
a convection oven (Thermo Fisher
Scientific, Waltham,MA) and ground
to a fine powder. Ground leaves were
sent to Waters Agricultural Laborato-
ries (Camilla, GA) to perform a stan-
dard leaf nutrient analysis.

PREHARVEST FRUIT DROP, YIELD,
AND QUALITY. Preharvest fruit drop
was monitored each year and mea-
sured from �3 months before (Sep-
tember) until harvest (December).
Preharvest fruit drop, expressed as
a percentage, was calculated by
counting the number of fruit that
dropped from the trees every 15
d and considering the total number
of fruit that were taken off the tree
at harvest. When the total soluble

Fig. 2. Average leaf area index at the end of experiment with probability values in
Huanglongbing-affected ‘Hamlin’ sweet orange on Swingle citrumelo rootstock.
The pruning was performed in Jan. 2015. The pruning treatments (Pr) were as
follows: 1) 0%, no canopy removal (control treatment) tree height �12 ft
(3.65 m); 2) 25% reduction, canopy topped �9 ft (2.74 m); 3) 50% reduction,
canopy topped�6 ft (1.82m); and 4) 80% reduction, canopy topped at 6 ft and all
the major branches were manually cut back (buck horned). The fertilizer
treatments (F) were as follows: 1) conventional fertilizer (CNV) applied at 200
lb/acre (224.17 kg�haL1) nitrogen (N) in five split applications per year, and 2)
controlled-release fertilizer (CRF) applied at 150 lb/acre (168.13 kg�haL1)N split
in three applications per year. Error bars = ±SD; bars not assigned the same letter
indicate statistically significant differences among Pr · F treatment using Tukey’s
honestly significance difference test at a = 0.05.
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solids to titratable acidity ratio of
fruit reached commercial harvest
standards, the fruit were hand har-
vested by commercially trained har-
vesters. Fruit yield is expressed as
total pounds of fruit per tree. A
sample of 20 fruit per data tree was
taken for fruit size, and the size was
measured using a handheld digital
caliper to measure the equatorial
length on all 20 fruit. After fruit size
measurement, the 20 fruit were
squeezed for juice extraction for sol-
uble solids analysis on pooled juice.
Pooled juice soluble solids was mea-
sured using a handheld refractometer
(Atago Co., Tokyo, Japan) and are
expressed as percentage.

STATISTICAL ANALYSIS. All statis-
tical analyses were performed for each
year individually, using two-way anal-
ysis of variance (ANOVA) at a = 0.05
using SigmaPlot (version 11; Systat
Software, San Jose, CA). Pr and F
were considered the two factors and

different measured parameters were
the responses. Mean separation was
performed using Tukey’s honestly
significance difference test at P =
0.05. When there was significant Pr ·
F interactions, the mean separation
was performed between all treatment
combinations (four pruning treat-
ments with two fertilizer types); when
Pr · F interaction and F effect was not
significant and main effect of Pr was
statistically significant, the means
were compared between pruning
treatments. Linear regression analysis
was performed to assess relationship
among canopy volume, root density,
and fruit drop.

Results

CLAS. All the trees used in this
experiment were positive for CLas
(data not shown), where Ct ranged
from 24 to 33 at pretreatment. The
new flush was detected to be CLas

positive at 3 and 6 months posttreat-
ment, suggesting no effect of pruning
or fertilizer on CLas. The range of Ct
remained similar with no significant
change; no significant differences
were observed among the treatments.

CANOPY VOLUME. As expected,
high pruning treatments resulted in
significant canopy reduction; never-
theless, within 3 months after prun-
ing, significant visual growth was
observed in all of the pruned trees.
At 3 months posttreatment, no sig-
nificant interaction was observed
between pruning treatment and fer-
tilizer applied (P = 0.098). Alto-
gether, CRF trees showed a more
pronounced increase in canopy (P =
0.018) as compared with CNV trees.
Overall, control treatment (0% prun-
ing) had the largest canopy, followed
by 25%, 50%, and 80% pruned trees
(P < 0.001). From Fall 2015 (6
months posttreatment) until the end
of the experiment, there was no sig-
nificant interaction observed between
pruning treatment and fertilizer (P >
0.05). At the end of the experiment,
CRF and CNV treatments were not
statistically different (P = 0.072);
however, the canopy volume of trees
receiving CRF was numerically
higher. The most severe pruning
treatment, 80%, had a significantly
smaller canopy compared with 0%
and 25% pruning treatment (P =
0.007). However, 0%, 25%, and 50%
pruning treatments had similar can-
opy volume at the end of the exper-
iment. When considering percentage
increase in canopy volume over the
course of the experiment, there was
no significant Pr · F interaction (P =
0.288) or effect of fertilizer (P =
0.666). Figure 1 shows the canopy
volume at the end of the experiment
and percentage increase in canopy
volume over 3 years since the time
of pruning. Eighty percent pruning
treatment showed significantly higher
percentage increase in canopy volume
compared with 0%, 25%, and 50%
pruning treatments (P < 0.001). The
percentage increase in canopy volume
of 50% pruning treatment was higher
than 0% (P = 0.039), whereas 0% and
25% pruning treatments were not
significantly different from each
other.

LAI. The LAI is shown in Fig. 2.
A significant Pr · F interaction was
observed in LAI (P = 0.031). The 25%
pruning treatment with CRF showed

Fig. 3. Average root density at the end of experiment with probability values in
Huanglongbing-affected ‘Hamlin’ sweet orange on Swingle citrumelo rootstock.
The pruning was performed in Jan. 2015. The pruning treatments (Pr) were as
follows: 1) 0%, no canopy removal (control treatment) tree height �12 ft
(3.65 m); 2) 25% reduction, canopy topped �9 ft (2.74 m); 3) 50% reduction,
canopy topped at�6 ft (1.82m); and 4) 80% reduction, canopy topped 6 ft and all
the major branches were manually cut back (buck horned). The fertilizer
treatments (F) were as follows: 1) conventional fertilizer (CNV) applied at 200
lb/acre (224.17 kg�haL1) nitrogen (N) in five split applications per year and 2)
controlled-release fertilizer (CRF) applied at 150 lb/acre (168.13 kg�haL1)N split
in three applications per year. The dotted lines show the significant inverse
correlation between pruning intensity, and root densitywas observed. Error bars =
±SD; 1 mg�cmL3 = 0.9988 oz/ft3.
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significantly higher LAI as compared
with 25% pruning treatment with
CNV. Overall, the LAI ranged from
1.47 to 1.9, where 25% pruning
treatment with CRF had the highest
average LAI (1.905).

ROOT DENSITY. Root density
measured at the end of the experi-
ment is shown in Fig. 3. All of the
trees analyzed had very low root
density compared with historical
data of healthy trees, where the aver-
age root density was 1.7 mg�cm–3

(Graham, 1995; Graham et al.,
2013). The mean root density ranged
from 0.23 to 0.40 mg�cm–3. With
ANOVA analysis, no significant differ-
ences were observed among pruning
treatment, fertilizer treatment, or in-
teraction. However, a significant linear
regression (R2 = 0.61, P = 0.032) was
observed between pruning treatment
and root density; the root density de-
creased with increased pruning
treatment.

LEAF NUTRIENT ANALYSIS. This
analysis was done annually for the
14 essential nutrients. There was no
significant difference observed in nu-
trient profile for any treatment com-
bination over the 3 years (data not
shown). All the nutrients were in
optimum range as per the UF IFAS

recommendation (Obreza and Mor-
gan, 2008).

FRUIT DROP. Preharvest fruit
drop was measured for 3 years:
2015, 2016, and 2017 (Table 1)
during the preharvest drop window
(September–December). The type of
fertilizer had no effect on preharvest
fruit drop in any year (P > 0.05) as
well as no significant Pr · F interac-
tion was observed (P > 0.05). In the
first year (2015), the 0% pruning
treatments had significantly lower
preharvest fruit drop compared with
the 25% and 50% pruning treatments
(P < 0.001). There was no difference
between 0% and 80% pruning in the
first year’s preharvest fruit drop, most
likely because the 80% pruning treat-
ment did not havemuch fruit (as most
of the fruiting wood was removed
during pruning). In the second year,
2016, 80% pruning had significantly
more preharvest fruit drop compared
with 0% and 25% pruning treatments
(P = 0.032). In both years, 2015 and
2016, a significant inverse linear re-
lationship (R2 = 0.4) was observed
between canopy volume and fruit
drop (P < 0.0001 and P < 0.049, in
2015 and 2016, respectively; data
not shown). The fruit drop de-
creased with larger canopy volume.

Interestingly, the fruit drop was
lower in 2016 as compared with
2015; similarities in reduction of
fruit drop were observed in the entire
state of Florida, suggesting the
weather conditions were favorable
in this preharvest time period. How-
ever, in 2017, the canopy volume
and fruit drop relationship was mar-
ginal. In the third year, 2017, there
was no statistical difference between
preharvest fruit drop for any of the
pruning treatments; however, fruit
drop percentage was higher as com-
pared with previous years, most likely
due to the effect of Hurricane Irma
that passed over the trial location in
Sept. 2017.

YIELD DATA. The harvest yields
for all 3 years of the study are shown
in Table 1. In all 3 years, neither the
type of fertilizer nor the Pr · F was
significantly different. Pruning treat-
ment had significant effect for the first
2 years (P < 0.001 and P = 0.022, for
2015 and 2016, respectively). Over-
all, the total yield of the trees de-
creased with pruning treatment;
however, 25% pruning treatment
yield was similar to control trees (0%
pruning) in the second year. In 2017,
the yield for all pruning treatments
was similar. A positive correlation was
found between absolute canopy vol-
ume and yield for each year, respec-
tively, indicating that fruit yield
increases with larger canopy. More-
over, when the fruit production as
pound of fruit per cubic meter of
canopy (lb/m3) was compared be-
tween treatments, there were no sig-
nificant differences among the
treatments for any of the years (data
not shown). Cumulative yield over
the period of 3 years was significantly
lower for 50% and 80% pruning treat-
ment [P < 0.001 (Fig. 4)]; a negative
correlation between pruning intensity
and cumulative yield was observed. In
addition, a significant negative corre-
lation between fruit drop and yield
was observed for all 3 years (data not
shown).

FRUIT SIZE. For the first harvest
(2015) of the study, pruning treat-
ment had a significant effect on fruit
size [P = 0.025 (Table 2)]; however,
the observed differences between
0% and 25% pruning treatment were
marginal. In 2015, no interaction
(Pr · F) or effect of fertilizer was
observed. Interestingly, the fruit
from 80% pruning treatment were

Table 1. Average preharvest fruit drop and yield per tree with probability values
in Huanglongbing-affected ‘Hamlin’ sweet orange on Swingle citrumelo
rootstock. The pruning was performed in Jan. 2015. The pruning treatments
(Pr) were as follows: 1) 0%, no canopy removal (control treatment) tree height
�12 ft (3.66 m); 2) 25% reduction, canopy topped �9 ft (2.74 m); 3) 50%
reduction, canopy topped �6 ft (1.83 m); and 4) 80% reduction, canopy topped
at 6 ft and all the major branches were manually cut back (buck horned). The
fertilizer treatments (F) were as follows: 1) conventional fertilizer (CNV) applied
at 200 lb/acre (224.17 kg�haL1) nitrogen (N) in five split applications per year,
and 2) controlled-release fertilizer (CRF) applied at 150 lb/acre (168.13
kg�haL1) N split in three applications per year.

Pr (%) F

Fruit drop (%) Yield (lb/tree)z

2015 2016 2017 2015 2016 2017

0 CNV 32 by 13 b 52 105 a 190 a 129
CRF 43 23 37 74 140 142

25 CNV 78 a 19 b 40 33 b 157 ab 110
CRF 66 17 42 30 174 129

50 CNV 85 a 23 a 36 10 c 113 bc 75
CRF 87 16 44 11 140 88

80 CNV 52 b 25 a 44 7 c 96 c 107
CRF 33 31 38 24 108 112

Pr <0.001 0.032 0.850 <0.001 0.022 0.084
F 0.482 0.527 0.505 0.792 0.944 0.383
Pr · F 0.342 0.149 0.196 0.622 0.337 0.990
z1 lb = 0.4536 kg.
yMeans not followed by the same letters are statistically significantly different among Pr within that year, given that
there were no interaction effects of Pr and F and F effect, using Tukey’s honestly significance difference test at a =
0.05.

• December 2019 29(6) 937



of good size, similar to control trees
(0% pruning), but were dry inside and
the rind was puffy and uneven in tex-
ture. In 2016, the effect of fertilizer and
Pr · F was significant (P < 0.001);
however, the pruning treatment alone
hadno significant effect on fruit size (P=
0.077). Across all pruning treatments,
the average fruit size from CRF-treated
trees (2.44 inches) was larger as com-
pared with average fruit size fromCNV-
treated trees (2.35 inches). In the last
and final year, 2017, Pr · F interaction
as well as fertilizer and pruning effect
were significant (P < 0.001), where
CNV-treated trees in 0% and 50% prun-
ing treatment had significantly larger
fruit compared with CRF-treated 0%
and 50% pruning treatment, respec-
tively. Overall, the average fruit size
was smaller in 2017 and 2016 as com-
pared with 2015. No consistent trend
was observed for fruit size.

SOLUBLE SOLIDS. Soluble solids
content of the juice for the three
harvests are presented in Table 2.
In the first and second years of
harvest, a significant effect of prun-
ing treatment was observed on solu-
ble solids content in the juice (P <
0.001). Overall, in both years, the
soluble solids content was reduced
with higher pruning treatment,
which was more pronounced in the
first year. A significant Pr · F was
observed in 2015; however, no con-
sistent pattern was observed. CNV-
treated control trees (0% pruning)
had significantly higher soluble
solids content than CRF-treated
control trees (0% pruning); the op-
posite trend was observed for 25%
pruning treatment. In 2017, soluble
solids content for all treatment com-
binations was similar, ranging from
9.2 to 11.1.

Discussion
The presented 3-year study eval-

uated the effects of pruning and fer-
tilizer on health and productivity of
HLB-affected trees. With pruning,
a significant amount of canopy was
removed (especially in 50% and 80%
pruning treatments) and trees were
rejuvenated; however, the canopy re-
moval (including infected leaves) did
not affect the presence of bacteria.
The CLas was still detectable in the
leaves at 3 and 6 months after prun-
ing. It is possible that on pruning, the
roots mobilize the carbohydrates to
support shoot growth (Eissenstat and
Duncan, 1992) and as the roots are
highly colonized with CLas (Johnson
et al., 2014), the CLas was mobilized
to the shoot with bulk phloem flow.
Another possibility is reinfection; the
new vegetative growth that emerged
after pruning was still susceptible to
reinfection (we observed heavy asian
citrus psyllid activity on newly
emerged leaves after pruning). The
trees used in this study were main-
tained under an insecticide program,
but insecticides are not always 100%
effective. Moreover, according to re-
cent studies, the asian citrus psyllids in
the citrus production region of Flor-
ida have become resistant to systemic
insecticides (Langdon et al., 2018);
therefore, the spread of infection is
difficult to contain via vector control.
Comparable to our results, Rouse
et al. (2017) and Lopes et al. (2007)
reported that the pruned trees
showed symptomless new growth
but were never detected free of CLas.
Similarly, Daugherty et al. (2018)
reported that the severe pruning of
Pierce’s disease (Xylella fastidiosa)–
affected grapevines (Vitis vinifera)
did not affect the infection, and the
symptoms of the disease reappeared
within two seasons. This suggests that
pruning is not an ideal strategy to
suppress a systemic pathogen when
the trees are grown in a disease-en-
demic environment.

An important aspect of this ex-
periment was to evaluate the efficacy
of pruning and CRF in rejuvenating
the HLB-affected trees. A light
pruning, or maintenance pruning,
is a common practice in citrus pro-
duction in Florida (Vashisth et al.,
2017). The 25% pruning from this
study can be considered equivalent
to a light pruning. Fertilizer and

Fig. 4. Average 3-year cumulative yield with probability values in
Huanglongbing-affected ‘Hamlin’ sweet orange on Swingle citrumelo rootstock.
The pruning was performed in Jan. 2015. The pruning treatments (Pr) were as
follows: 1) 0%, no canopy removal (control treatment) tree height �12 ft
(3.65 m); 2) 25% reduction, canopy topped �9 ft (2.74 m); 3) 50% reduction,
canopy topped�6 ft (1.82m); and 4) 80% reduction, canopy topped at 6 ft and all
the major branches were manually cut back (buck horned). The fertilizer
treatments (F) were as follows: 1) conventional fertilizer (CNV) applied at 200
lb/acre (224.17 kg�haL1) nitrogen (N) in five split applications per year, and 2)
controlled-release fertilizer (CRF) applied at 150 lb/acre (168.13 kg�haL1)N split
in three applications per year. The dotted lines show the significant inverse
correlation between pruning intensity and cumulative yieldwas observed. Bars not
assigned the same letter indicate statistically significant differences among pruning
treatment, given that there were no interaction effects of Pr and F, using Tukey’s
honestly significance difference test at a = 0.05. There was no interaction between
main effects of Pr and F. Error bars = ±SD; 1 lb = 0.4536 kg.
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pruning treatment displayed a signif-
icant interaction, with higher LAI
from CRF compared with CNV only
at 25% pruning level (Fig. 2). An
increase in canopy density (LAI) of
25% pruned–CRF-treated trees was
observed, suggesting that light
pruning when combined with a con-
stant supply of nutrition can pro-
vide vigor and capability to grow
and, therefore, can be beneficial for
HLB-affected trees. The use of CRF
provides a constant supply of nutri-
ents to compromised root systems
and improves growth and produc-
tivity of HLB-affected trees. The use
of CRF in new plantings and early
years of growth has been observed
to be promising for trees growing
under HLB-prevalent conditions
(Vashisth and Grosser, 2018). How-
ever, the LAI for the other pruning
treatments did not change with the
use of CRF, suggesting that the
improvement in tree density cannot
be solely dependent on a form of
fertilizer but is a combination of
a number of factors. Similar to LAI,
the root density showed a compara-
ble trend for 25% pruning treatment.
The average root density in 25%

pruning for CNV and CRF were
0.244 and 0.376 mg�cm–3, respec-
tively (Fig. 3). However, unlike LAI,
the interaction (Pr · F) was not
significant for root density. None-
theless, canopy and root density,
when taken together, show that the
use of CRF (constant supply of nu-
trients) can be beneficial when light
pruning is part of an annual grove
maintenance program. In this exper-
iment, the root density was mea-
sured at the end of the experiment;
and, even after 3 years since pruning,
a significant effect of pruning was
observed on the root mass. The root
mass decreased with the increase in
pruning intensity. Even though sig-
nificant growth in canopy was ob-
served during the 3 years, it was still
not sufficient to counteract the effect
of intense pruning (50% and 80%) on
the root and shoot system. Likewise,
Rouse et al. (2017) had reported
that ‘‘buck horn’’ pruning resulted
in vigorous growth in trees; none-
theless, untreated trees had larger
canopy volume and leaf area. Alto-
gether, this suggests that high prun-
ing treatment can have a detrimental
effect on tree growth and can take

years to grow to prior or improved
condition, potentially making them
uneconomical. HLB-affected trees
go through significant root loss
(Johnson et al., 2014) and canopy
dieback (Bov�e, 2006). Therefore, it
can be inferred from our results that
severe pruning treatments are un-
favorable for HLB-affected trees
and do not generally improve yield
and overall growth of the tree.

Fruit drop is a major concern
in HLB-affected trees (Albrigo and
Stover, 2015). The preharvest fruit
drop increases as the HLB symptoms
increase and canopy density de-
creases (Tang et al., 2019). Similarly,
in this study, a negative correlation
between canopy volume and fruit
drop was observed for the first 2 years
of the study (Table 1). In the third
year, most likely due to Hurricane
Irma winds, the fruit drop was higher
than the previous 2 years. The effect
of reduced fruiting wood (due to
pruning) and high fruit drop was
observed on the yield in the first year
for all of the pruning treatments;
however, in the second year, the
effect was observed in the 50% and
80% pruning treatments and the 25%
pruning treatment was similar to the
0% pruning treatment in all aspects
(Table 1). Similar to fruit drop, in the
third year, there were no differences
in yield among different treatments.
Overall, the 3-year cumulative yield
was significantly low for the 50% and
80% pruning treatments, suggesting
that the yield loss occurring in the
first 2 years is substantial and, there-
fore, not economically viable (Fig. 1,
Table 1). Rouse et al. (2017) also
observed a significant reduction in
yield following pruning, even
though the trees produced the same
amount of fruit as unpruned trees in
subsequent years. Therefore, the loss
in yield that occurred in the first year
and no significant gain in yield in the
following years resulted in severe
pruning as an unviable strategy. In-
terestingly, severe pruning resulted
in fruit of low quality (Table 2). The
juice soluble solids content was sig-
nificantly low for all 3 years in the
80% pruning treatment and for 2
years in the 50% pruning treatment.
Iglesias et al. (2007) reported that
fruit set, growth, and quality highly
depend on carbohydrate availability;
therefore, any kind of reduction in
vegetative growth can influence the

Table 2. Average fruit size and soluble solids content at time of harvest with
probability values in in Huanglongbing-affected ‘Hamlin’ sweet orange on
Swingle citrumelo rootstock. The pruning was performed in Jan. 2015. The
pruning treatments (Pr) were as follows: 1) 0%, no canopy removal (control
treatment) tree height �12 ft (3.65 m); 2) 25% reduction, canopy topped �9 ft
(2.74 m); 3) 50% reduction, canopy topped �6 ft (1.82 m); and 4) 80%
reduction, canopy topped at 6 ft and all the major branches were manually cut
back (buck horned). The fertilizer treatments (F) were as follows: 1)
conventional fertilizer (CNV) applied at 200 lb/acre (224.17 kg�haL1) nitrogen
(N) in five split applications per year, and 2) controlled-release fertilizer (CRF)
applied at 150 lb/acre (168.13 kg�haL1) N split in three applications per year.

Pr (%) F

Fruit size (inches)z Soluble solids content (%)

2015 2016 2017 2015 2016 2017

0 CNV 2.71 ay 2.36 abx 2.51 ax 8.7 ax 10.2 ay 10.5
CRF 2.65 2.40 ab 2.37 b 7.7 b 10.5 11.0

25 CNV 2.57 b 2.32 ab 2.35 c 7.9 b 9.4 ab 10.3
CRF 2.64 2.36 ab 2.37 bc 8.4 ab 9.5 10.8

50 CNV 2.67 ab 2.34 ab 2.53 a 7.9 bc 10.0 ab 10.3
CRF 2.71 2.39 ab 2.40 b 7.6 c 8.9 11.1

80 CNV 2.61 ab 2.29 b 2.38 bc 6.0 d 9.3 b 9.2
CRF 2.72 2.52 a 2.43 ab 6.2 d 8.3 10.7

Pr 0.025 0.077 <0.001 <0.001 0.026 0.190
F 0.232 <0.001 <0.001 0.383 0.279 0.002
Pr · F 0.264 0.001 <0.001 <0.001 0.479 0.479
z1 inch = 2.54 cm.
yMeans not followed by the same letters are statistically significantly different among Pr within that year, given that
there was no interaction effects of Pr and F using Tukey’s honestly significance difference (HSD) test at a = 0.05.
xMeans not followed by the same letters are statistically significantly different among Pr · F treatment within that
year using Tukey’s HSD test at a = 0.05.
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carbohydrate availability to fruit, con-
sequently affecting the yield and qual-
ity. Yuan et al. (2005) reported that up
to 25% defoliation close to harvest had
no effect on fruit yield, quality, and
canopy growth; however, 50% defoli-
ation reduced the overall soluble solids
produced per tree.

In this study, we did not observe
a beneficial effect of CRF on tree
growth, fruit drop, yield, and fruit
quality. However, it is worth noting
that N and other nutrients applied
through CRF in this study were 25%
less than the CNV fertilizer. In addi-
tion, CRF was applied three times per
year, whereas CNV was applied five
times per year. Overall, with the use of
CRF, the amount of nutrients, time,
and money spent in fertilizer applica-
tions was reduced.

Altogether, the results obtained
from this study suggest that severe
pruning is not beneficial for HLB-
affected trees. Severe pruning can
exacerbate the canopy and root loss,
fruit drop, and reduction in yield.
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