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Highlights

What are the main findings?

e  Plant growth regulators, especially GA-biosynthesis inhibitors such as paclobutrazol
and uniconazole, consistently reduce citrus shoot growth and canopy expansion.

e  Appropriate PGR use can maintain or improve yield efficiency while reducing pruning
intensity and labour requirements.

e  PGRresponses vary with cultivar, rootstock, crop load, timing, dose, and environ-
mental conditions.

What are the implications of the main findings?

e  PGRs can support more efficient canopy management in high-density citrus produc-
tion systems.

° Effective use requires integration with pruning, irrigation, nutrition, and regulatory
requirements.

Abstract

Balancing the vegetative and reproductive developmental cycles in a citrus orchard is
essential to maintain sustainability. Plant growth regulators (PGRs) offer an effective
tool for managing shoot growth rate and fruit production of citrus trees. By moderating
shoot elongation and reducing canopy expansion, PGRs help minimise the frequency
and intensity of pruning, substantially reducing labour costs and improving orchard
management. Evidence from multi-year experiments showed PGR-treated citrus trees
can maintain or increase yield efficiency, producing equal or greater fruit/canopy (m?)
than untreated controls. Strategic application of PGRs can moderate alternate bearing
by promoting more consistent and fruitful shoots, stabilising annual yields. Economic
assessments showed significant reductions in labour costs, especially when trees treated
with PGRs required less hand pruning. This review synthesises historic and contemporary
research and the mechanisms by which PGRs exert their effects in citrus. It identifies
knowledge gaps, such as the need for long-term studies, optimal timing for different
cultivars, and integrated strategies suited to different environmental conditions. Plant
growth regulators could be an effective tool for stable citrus production, offering the
potential for more efficient tree canopy management when used responsibly in accordance
with regulatory requirements and integrated with other orchard management practices.
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1. Introduction

Controlling tree size and vigour is critical and challenging in citrus canopy man-
agement, especially for high-density citrus orchards aiming for commercially sustainable
production. Traditionally, growers have relied on hand pruning to manage citrus tree
canopies [1]. By applying light mechanical hedging annually, row access is maintained, tree
height is managed for safe picking and adjacent rows are not overshaded. This hedging is
then followed by hand pruning to prevent overcrowding between trees and improve light
penetration for better fruit production and quality. However, hand pruning is laborious and
costly, often comprising 15-25% of total production expenditure in citrus [2,3]. Excessive
vegetative growth in high-density plantings not only increases pruning frequency and
associated costs [4] but can also reduce yield over time by shading fruiting wood and
contributing to irregular bearing [2]. Consequently, chemical approaches to moderating
citrus tree growth have received increasing attention.

Plant growth regulators (PGRs) offer an alternative approach by modifying the tree’s
hormonal balance. By inhibiting growth-promoting hormones, PGRs can help to reduce
shoot growth rate and canopy density and direct a greater proportion of resources to
reproductive organs rather than vegetative [5-7]. When appropriately applied, PGRs have
multiple benefits: (a) the production of fewer water-shoots, (b) reducing tree height and
canopy volume, enabling easier harvesting and potential higher-density plantings and
(c) reduced pruning and training needs, and (d) reducing alternate bearing.

PGR use in citrus was first explored in the mid-20th century. Early attempts in the
1960s with compounds such as 2,3,5-triiodobenzoic acid (TIBA) and chlormequat chloride
or Cycocel® (CCC) showed that altering hormones could influence citrus shoot growth and
flowering [8]. However, practical success was limited until gibberellin (GA) biosynthesis
inhibitors were developed as they provided more consistent vegetative growth control.
The introduction of paclobutrazol (PBZ) in the 1980s was a turning point and it was
demonstrated that soil-applied PBZ reduced citrus shoot growth and induced heavier
flowering in the following bloom [9]. Another experiment in Spain [10] confirmed that
PBZ could effectively reduce canopy vigour and ameliorate alternate bearing in mandarins
by increasing return bloom. By the 1990s, another triazole, uniconazole (UNZ), was
introduced (in Japan under the name Sunny®) as an even more active GA inhibitor for citrus.
Subsequent evaluation of UNZ found it to be similarly effective as PBZ in reducing shoot
growth and increasing subsequent flowering [11,12]. This led to the registration of UNZ
formulations, Tip Plus® (https:/ /tipagri.co.za/about-tip-plus/, accessed on 25 October
2025) and Sunny 50 SC® (https:/ /philagro.co.za, accessed on 20 November 2025) for use in
citrus to manage tree size and alternate bearing. These developments, along with research
on other PGRs, including prohexadione-calcium (ProCa; Regalis® Plus, https:/ /www.agro.
basf.co.za/en/Products/Overview /Plant-Growth-Regulator/Regalis-Plus.html, accessed
on 20 November 2025), which is a shorter-acting growth retardant, and hormones such as
gibberellic acid (used conversely to delay fruit senescence), have expanded the orchard
manager’s toolkit beyond traditional pruning.

This review examines PGR use in citrus, with emphasis on those chemicals which
reduce vegetative growth and, thus, pruning and labour needs, while aiming to maintain
or improve yields. This review discusses the categories of PGRs relevant to citrus and their
modes of action (Section 2), and their documented effects on canopy growth, flowering,
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fruit set, yield, and fruit quality (Section 3). Application strategies and economic outcomes
are discussed in Section 4, including optimum timing, methods (e.g., soil versus foliar
application), and cost-benefit analyses. Section 5 includes other considerations such as
environmental impact, residue safety, and integration with other practices. We integrate
findings from both classical and recent studies, highlighting insights, identifying gaps in
knowledge, and suggesting directions for future research to fully harness PGR technology
in citrus production systems.

2. Categories of PGRs and Their Mode of Action

Multiple classes of PGRs (both synthetic chemicals and naturally occurring hormones)
have been tested in citrus. Those most relevant to canopy size control work by restraining
shoot growth are presented here. The main categories are as follows:

Gibberellin (GA)-biosynthesis inhibitors block the formation of endogenous gib-
berellins (GAs), the hormones that stimulate cell elongation and apical growth. Inhibiting
GA synthesis results in shorter internodes and shoot length. The most widely used com-
pounds in this class are the triazoles:

Paclobutrazol (PBZ) is very effective at inhibiting the enzyme ent-kaurene oxidase in
the GA biosynthetic pathway [13]. It is typically applied as a soil drench or foliar spray. PBZ
is absorbed by roots and bark and translocated via xylem. Once in the shoots, it reduces
active GA levels, resulting in shorter, sturdier shoots. In Satsuma mandarin (Citrus unshiu
Marc.), foliar application of paclobutrazol at the stage of floral bud initiation reduced GAy-
and GAjg-like activities in leaves and increased flower production, while GA; activity
remained unaffected [14]. PBZ’s effects can last many months. Residual activity in soil
can suppress growth for a season or longer [5,15], which could be counterproductive in a
commercial citrus orchard.

Uniconazole (UNZ), known internationally as Sunny®, is chemically similar to PBZ
and also inhibits GA formation but is about 610 times more active than PBZ on a weight
basis, so lower doses are used. UNZ is usually applied as a foliar spray in citrus, and rates
of 20-50 ppm suppressed citrus shoot growth without reducing fruit set [16,17]. UNZ tends
to have shorter residual action than PBZ (several weeks to a few months), which can enable
improved control through multiple small applications.

Prohexadione—calcium (ProCa), part of the cyclohexanedione chemical class, blocks
later steps of GA biosynthesis (specifically the 33-hydroxylation of GA precursors). ProCa
is usually applied as a foliar spray. It acts faster than triazoles but is also metabolised faster
by the plant; its growth-inhibiting effect lasts about 3-5 weeks, so repeated applications
are needed for sustained suppression [18]. In citrus, ProCa reduced flush growth, with
each application reducing shoot elongation by 20-30%, and cumulative sprays can reduce
flush growth by up to 50% [19]. ProCa has been used in some regions to control vigorous
summer flushes [7].

Others: GA inhibitors, including older products such as CCC and daminozide (Alar),
have been tested on citrus [8,20]. These compounds can suppress vegetative growth;
however, their practical use has been limited because effective responses often require high
application rates and are frequently inconsistent or short term; hence, they are no longer
applied to citrus. CCC, for example, needed doses that sometimes caused leaf phytotoxicity
and gave inconsistent results in field experiments. Its use decreased once PBZ and UNZ
became available.

Ethylene-releasing compounds act against ethylene, a natural plant hormone which
can inhibit vegetative growth and promote dormancy/abscission at high concentrations.
Ethephon (2-chloroethyl phosphonic acid) is a compound that decomposes to release
ethylene in plant tissues. In citrus, Ethephon is used to induce colour development and
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to loosen fruit at harvest or for thinning. At lower doses, it can temporarily slow shoot
growth by inducing mild physiological stress and partial abscission of actively growing
tissues [21,22]. Its effect is short term (a few weeks at most), as the plant metabolises the
ethylene and resumes growth. Thus, Ethephon is not a primary canopy management
tool, but it may be applied after a vigorous flush to temporarily limit subsequent shoot
growth. Excessive application rates may induce unwanted leaf or fruit drop. Generally, GA
inhibitors are preferred for targeted vegetative control because they act more directly on
growth processes and have a longer duration.

Auxins and GAs (exogenous applications) can act paradoxically, and these hor-
mones that normally promote growth can be used to influence partitioning between
growth and fruit. Synthetic auxins such as 1-naphthaleneacetic acid (NAA), 24-
dichlorophenoxyacetic acid (2,4-D), 2,4-dichlorophenoxypropionic acid (2,4-DP) [23] and
3,5,6-trichloro-2-pyridyloxyacetic acid (3,5,6-TPA) [24] are routinely used in citrus for fruit
thinning and pre-harvest drop control rather than for reducing vegetative growth. At
higher concentrations, auxins may inhibit growth by stimulating ethylene production and
exhibiting herbicidal-like effects; however, this response has not been adopted as a strategy
for controlling tree size. In practice, auxins are not used to dwarf citrus trees; their primary
value lies in managing crop load and fruit retention [25]. To suppress unwanted trunk
shoots, NAA can effectively reduce sucker growth on young citrus trees [26]. However,
auxins are not a primary tool for controlling canopy size.

Gibberellic acid (GA3) is often sprayed on citrus (especially mandarin and oranges)
to delay rind ageing, reduce creasing or prevent pre-harvest fruit drop. The dose rates
(5-30 ppm) are not intended to affect vegetative growth. However, GA3 sprays can, in
some cases, increase shoot elongation or delay bud differentiation (if timed in autumn and
early winter, it can inhibit flowering induction) [8,27]. GAj is used in nurseries and on
young plants to reduce flowering and increase vegetative development [6]. In the context
of canopy management, GAj is included because it is essentially the hormonal opposite of
PBZ: where PBZ suppresses GA and encourages flowering, GA3 applications can be used
to suppress flowering (managing alternate bearing by reducing an ‘on” year bloom) or to
keep leaves active for longer (for steady growth). For example, autumn GAj3 sprays have
been used in Spain and Israel to reduce the return bloom in mandarins that had a light crop
(to prevent an excessive ‘on’ year bloom). Thus, GA3 can be a tool to balance vegetative
and reproductive growth in an alternate bearing strategy [28], but it is not used to directly
reduce pruning; rather, it defers some bloom to avoid biennial extremes.

Cytokinins, including 6-benzyladenine (6-BA) and trans-zeatin, primarily promote
cell division and can break bud dormancy. These compounds have been used to stimulate
shoot initiation and flushing in citrus, including in huanglongbing-affected trees with bare
canopies, as part of growth-regulating treatment strategies [29], but they are not used to
limit growth. Cytokinins are generally used to increase branching and, potentially, canopy
density. Therefore, cytokinins are largely outside the scope of growth suppression; they
are more relevant to improving fruit set or regenerating foliage in stressed trees (biological
or abiotic).

In summary, the GA inhibitors have proven to be the most practical PGRs for citrus
canopy size control. In particular, PBZ and UNZ are well-researched: they consistently
reduce shoot growth and canopy volume while often improving flowering and yield
efficiency. Ethylene-releasing ethephon can complement this by halting a vegetative flush if
needed. Auxins and GAj play more specialised roles in fruit management but can indirectly
influence growth—fruiting balance. The current proposed mode of action is via a reduction
in endogenous GA levels due to PBZ and UNZ, causing a tree’s canopy to remain in a
quasi-dwarf state, with shorter internodes, and the usual dominance of the shoot tip is
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weakened. This often triggers more lateral buds to break, so the tree might become bushier
(i.e., increased internal branch complexity), but not larger. Over a season, treated trees put
on far less extension growth than untreated ones. For example, PBZ reduced the length
of spring shoots in ‘Salustiana’ orange by nearly half [9], and repeated PBZ application
suppressed vegetative shoot growth in Clementine mandarins over multiple seasons,
shifting bud break toward reproductive rather than vegetative development [30,31]. These
growth reductions are the key to requiring less pruning to remove long, vigorous shoots.
Additionally, by altering hormone balance, PGRs can shift the tree’s resource allocation
toward flowering: lower GA levels can lead to higher relative levels of sugars and other
hormones (ABA, perhaps cytokinins) in buds, promoting floral induction [2,32].

3. Effects of PGRs on Vegetative Growth, Yield, and Labour
3.1. Vegetative Growth Suppression and Canopy Architecture

The primary intent of applying growth-suppressing PGRs is to reduce tree canopy
size. Decades of experiments have documented that ideally timed PGR treatments can
achieve substantial reductions in vegetative growth.

Shoot length and canopy volume are consistently reduced, with PBZ application
inhibiting GA-mediated cell elongation. In Clementine mandarins, repeated PBZ applica-
tions both to the soil and to the foliage in the same trees significantly suppressed annual
shoot extension and reduced the number and length of vegetative flushes relative to un-
treated trees [30,31]. Soil-applied PBZ reduced shoot extension and induced strong canopy
dwarfing in citrus in Florida, with effects accumulating over successive seasons [33,34].
Similarly, foliar applications of UNZ reduced shoot extension by 30-40% and internode
length by about 50%, depending on rate and application frequency [12,35]. ProCa also
reduced lemon shoot growth, resulting in an approximate delay of 2 weeks but with little
effect on navel shoot length. It also showed a reduced fruit set in both lemon and orange
(fewer small orange fruit) [36].

Branching and canopy density is often increased following GA suppression and
apical dominance (where the terminal bud on a shoot inhibits lower buds) reduced. This
often leads to more lateral buds breaking on the shoots that do grow. The result can be
somewhat paradoxical: PGR-treated trees may have more shoots, but those shoots are
shorter and form ‘spurs’ rather than vigorous limbs. For example, PBZ-treated grapefruit
trees developed numerous short lateral shoots and a compact, spur-like branching habit
compared with untreated trees [37,38]. This could potentially increase bearing potential
per unit branch length. However, it can also make the canopy denser if not managed, and
calls for correct application of PGR could improve internal light distribution. Furthermore,
in PBZ-treated orange trees, total leaf area is often reduced, but the more compact canopy
architecture may maintain or slightly increase leaf area density within the canopy, despite
having fewer total leaves [33,39].

PBZ persists in the soil, meaning one application can suppress flushes for an extended
period. Soil-applied PBZ reduced shoot growth of ‘Minneola’ tangelo trees for successive
flushes and exerted carry-over effects into the following growing season without reapplica-
tion [5], consistent with residual growth responses previously reported in deciduous tree
species [40]. That can be good (fewer applications needed), but also risky if over-applied; a
too-high dose might excessively dwarf the tree for multiple years. The efficacy of ProCa,
conversely, reduces over time, and growth resumes after a few weeks if not reapplied [41].
Some growers leverage this by applying ProCa during the peak vigorous flush (to control
it), then letting the tree grow normally later in the season.

Tree-to-tree uniformity may be easier to maintain in a slower growing canopy. Con-
straining the growth of vigorous trees could reduce overgrowth of weaker neighbouring
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trees, resulting in a more uniform canopy line. Such uniformity facilitates machine opera-
tions such as spraying and hedging and improves orchard-scale light distribution [42,43].

Field evidence from the 1980s onward consistently showed vegetative growth re-
duction from PGRs. Early growth retardants such as CCC and Alar (daminozide) could
suppress citrus growth, but they were often associated with undesirable side effects, includ-
ing disrupted flowering and abnormal growth responses under commercial conditions [44].
Responses were inconsistent and often cultivar- and timing-dependent. Subsequently; it
was demonstrated that PBZ did provide more consistent suppression of vegetative growth
in oranges and mandarins, with associated yield benefits [45]. They showed yield increases
from 14.6 kg/tree in controls to 20-22 kg/tree with PBZ, along with clear suppression
of vegetative growth. These studies established PBZ as a more effective and practical
long-term growth regulator for citrus canopy management.

Vegetative growth suppression by GA-biosynthesis inhibitors is dose-dependent and
influenced by cultivar, application method, and tree condition. In citrus, PBZ restricts shoot
extension in a rate-responsive manner; for example, foliar applications of 500-1000 ppm
reduced total shoot elongation by about 55% and shortened internodes by 25% in young
‘Minneola’ tangelo [46]. At higher or repeated doses, suppression can be severe: a2 g
(2000 ppm)/tree PBZ soil application at the root collar produced “Valencia’ orange trees
approximately 20% the size of untreated controls after several years, demonstrating the
potential for marked dwarfing [33].

From a historical perspective, it should be noted that some early growth-regulator ex-
periments utilised relatively high application rates, which likely influenced their outcomes.
For instance, one experiment in the 1990s applied PBZ at rates that caused near-complete
growth suppression [47]. Those trees became chlorotic because they had very little new
growth to replace ageing leaves [48]. Research recommendations for commercial use are
now more conservative. Researchers [7] showed that a relatively mild reduction in vegeta-
tive flush, such as a >50% reduction in shoot extension following ProCa application, was
sufficient to indirectly reduce Asian citrus psyllid pressure by limiting the availability of
young flush.

In summary, canopy management strategies generally aim for moderate growth re-
duction, sufficient to lower pruning demand while maintaining adequate leaf area required
for production. PGRs such as PBZ and UNZ can reliably achieve smaller citrus trees
with a dense network of fruiting wood. Managing such trees often shifts pruning from
heavy hedging cuts to lighter thinning cuts (to manage shoot density). The degree of size
control can be tailored by adjusting dosage and frequency. As a result, growers can keep
trees within desired dimensions for longer, reducing the need for pruning by, in effect,
outsourcing some of that job to chemistry.

3.2. The Influence of PGRs on Flowering and Fruiting

A major concern when suppressing vegetative growth is whether the tree will still
flower and fruit well. The goal is to reduce ‘excess’ vegetative growth without compromis-
ing yield. Many studies report that PGR-treated citrus trees are more or equally fruitful
than controls, often due to increased return bloom and fruit set on the controlled canopy.

Flowering intensity studies revealed limits to the effectiveness of growth-retardant
PGRs on trees with a heavy crop load. GA biosynthesis inhibitors such as PBZ often
promote flowering in citrus. GA is known to inhibit flower induction, and elevated GA
levels during the winter induction period can prevent buds from transitioning to a floral
state [49]. By reducing endogenous GA levels, PBZ can release buds from this inhibition.
It was proposed that stress or growth-retarding treatments increase flowering by altering
the internal balance of growth regulators and reducing inhibitory signals to developing
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buds [44,50]; therefore, PBZ-treated citrus trees frequently exhibit heavier bloom. Numer-
ous studies have shown that suppression of vegetative growth by PBZ is often accompanied
by increased flowering intensity and a higher proportion of reproductive shoots, even in
an environment where cool winter temperatures already promote floral induction [9,51]. In
alternate-bearing cultivars, this response is particularly valuable because PBZ can partially
counteract the suppression of return bloom following a heavy crop. Spanish studies have
shown that in “off” years of Clementine mandarin, PBZ soil applications substantially
increased spring flowering relative to untreated low-crop trees [52]. In contrast, when trees
carried a heavy fruit load, PBZ had little effect on flowering, indicating that fruit-associated
inhibitory signals dominated regardless of PBZ treatment [30]. This highlights an impor-
tant point: PGRs work best when the tree is not in an extreme fruiting state. In heavily
cropped citrus trees in an ‘on’ year, PBZ failed to induce additional flowering, indicating
that fruit load overrides the flowering-promotion effect of GA-biosynthesis inhibition [30].
In contrast, PBZ increased flowering intensity in medium-to-low crop seasons, where the
inhibitory influence of fruit was weaker [30]. This suggests that combining crop-load man-
agement (e.g., fruit thinning) with growth regulators to trees in ‘on’ years might be required
to maximise return bloom, a strategy already adopted empirically by some growers.

Fruit set and yield per tree generally do not reduce with appropriate doses of PGRs
when used to restrict vegetative growth, with treated and control trees often showing
similar fruitlet numbers; however, when flowering and fruit number increase, the critical
determinant of final yield becomes whether a reduced canopy can supply sufficient assimi-
lates to carry the crop to adequate size at maturity [53]. Often it can, up to a point. Field
studies have shown that PBZ can significantly reduce vegetative growth and canopy expan-
sion without reducing final harvest in ‘Valencia’ orange, suggesting that fruit development
can be maintained despite a smaller or less vigorous canopy [9]. This is attributed to im-
proved source-sink balance: less vegetative growth means more of the tree’s carbohydrates
go into developing fruit. Internal shading is also reduced, so more leaves are productive. In
some cases, yield increases following growth-retardant PGR treatment, particularly where
trees were previously excessively vegetative at the expense of reproductive development.
For example, PBZ-treated ‘Tahiti’ lime trees produced more fruit in the subsequent year due
to increased flowering and effective fruit set under conducive temperature conditions [54].
Such yield gains reflect a shift in partitioning toward reproductive sinks, rather than an
increase in whole-canopy photosynthetic capacity, consistent with established source-sink
responses to growth-retarding PGR treatments in citrus [48,55]. However, these responses
are often transient and must be actively managed, as excessive fruit can reduce individual
fruit size and compromise market value. If a PGR induces a huge bloom and fruit set,
growers may need to thin fruit to avoid biennial bearing or quality issues. Moderate vege-
tative control tends to maintain yield while possibly stabilising biennial bearing, whereas
aggressive control might cause an ‘on’ year, followed by an ‘oft” year (although this is
uncommon if the PGR concentration applied is modest; alternate bearing is more often due
to natural tree habit or other factors).

Some PGRs can also reduce fruit drop and extend fruit retention. PBZ delayed fruit
abscission and extended on-tree retention in mandarins, including in field conditions [56].
PBZ can also modify peel development, reducing peel growth and roughness, which has
been associated with improved rind integrity and potentially lower susceptibility to pre-
harvest fruit drop caused by mechanical stress such as wind [46]. In contrast, excessive
doses of GA-biosynthesis inhibitors can induce physiological stress. In citrus, UNZ stimu-
lated fruit drop and caused leaf drop, effects that are closely associated with endogenous
abscisic acid (ABA) levels in fruit and vegetative tissues [57,58]. These findings indicated
that while moderate growth retardation can improve fruit retention, excessive inhibition
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of GA biosynthesis may disrupt hormonal balance and increase abscission. For example,
UNZ stimulated fruitlet abscission in citrus when applied at high concentrations [57]. How-
ever, when applied at recommended rates and timing, significant negative effects on fruit
retention have not been consistently observed. Instead, most published studies indicate
that growth-retardant PGR regimes typically preserve or increase yield by improving the
balance between vegetative and reproductive growth [53].

Fruit size and quality is largely unaffected or only slightly reduced by growth retar-
dants, as observations from field experiments show, provided the crop load is similar [53].
It is a legitimate concern, whether a smaller canopy (or altered hormone status) produces
smaller fruit or affects quality parameters such as sugar content, acidity, and colour of
the rind and pulp. PBZ does not appear to directly restrict citrus fruit growth. Fruit size
responses to PBZ are largely explained by changes in crop load rather than by direct effects
on fruit development. When PBZ induces heavy flowering followed by high fruit set,
individual fruit size may be slightly reduced due to increased sink competition and the
crop load rather than a growth-regulator effect. In mandarin and orange, several studies
have reported increased numbers of flowers and fruits at higher PBZ doses, with reductions
in fruit size occurring only when fruit load was not subsequently regulated [9,51]. Where
crop load is managed through natural abscission or thinning, fruit size can be maintained
despite reduced vegetative growth.

Regarding internal fruit quality, citrus treated with growth-retardant PGRs such as
PBZ generally exhibit equal or slightly higher total soluble solids than untreated con-
trols, while titratable acidity is often unchanged, resulting in a modest increase in the
sugar/acid ratio [37,59]. These responses are consistent with reduced vegetative growth
and altered assimilate partitioning rather than direct effects on fruit metabolism. Effects
on rind/peel characteristics could be more variable and dose dependent. PBZ influenced
rind development and firmness in some cultivars, which may be beneficial for reducing
peel disorders and improving post-harvest robustness but can be undesirable if excessive.
In navel oranges, pre-harvest PBZ application significantly increased flavedo carotenoid
content and improved external colour development, resulting in a deeper orange rind
colour at harvest [60]. Residue studies indicate that PBZ and related PGR residues in citrus
pulp are typically low and within established regulatory limits, with no evidence that these
residues affect fruit palatability or sensory quality [61].

Alternate bearing, common in citrus types such as mandarins and some oranges,
describes a heavy- and light-crop year rotation, with PGRs offering an opportunity to
moderate these [2]. By boosting flowering in anticipation of an ‘off” year, PGRs can increase
the return crop, and by somewhat suppressing vegetative vigour in the ‘on’ year, they
indirectly encourage the tree not to exceed resources on growth, which can help ensure
more flowering for next year. Alternate bearing responses to growth-retardant PGRs are
best illustrated in highly biennial citrus cultivars. In Clementine mandarin, it has been
demonstrated [30] that PBZ applied during an ‘off” year markedly increased return bloom
the following spring, effectively converting an ‘off” year into a more productive season
and evening out yield over years. However, as is well established, growth regulators
cannot override the strong inhibitory effect of a heavy fruit load; during pronounced
‘on’ years, developing fruit remains the dominant suppressor of floral induction [2]. In
South Africa, when correctly timed, UNZ has been successfully used as a complementary
tool to manage alternate bearing in mandarins, with soil applications on heavy-crop trees
reducing vegetative vigour, increasing carbohydrate availability, and improving subsequent
flowering and yield consistency [17]. The result is that some growers now routinely apply
UNZ in late summer in an ‘on’ year in a mandarin orchard against a poor bloom to increase
flowering the next spring. While these findings show that growth-retardant PGRs can

https://doi.org/10.3390 /horticulturae12091140


https://doi.org/10.3390/horticulturae12091140

Horticulturae 2026, 12, 1140

90f23

moderate alternate bearing, their effects are tightly constrained by crop load, which is most
evident when examining responses in flowering intensity.

In summary, using PGRs to alter vegetative responses usually has neutral or positive
effects on yield. PGR-treated trees often produce a similar number of fruits that are of
comparable size and quality to those on untreated trees, essentially ‘doing more with less’
(same fruit output with same vegetative biomass). It means that reducing pruning via PGRs
does not necessarily come at the cost of production, which makes the practice economically
viable. Indeed, many cases show improved pack-out rate or quality (due to better light and
possibly slightly higher sugar content in the juice) [9,37,47,48]. However, growers still need
to monitor fruit load; in situations of excessive set after PGR-induced flowering, thinning
should be applied to avoid too many small fruits.

3.3. Implications for Pruning and Labour Due to Use of PGRs

Reducing vegetative growth reduces pruning needs, which is often the primary eco-
nomic motivation for PGR use. How much labour can be saved? Various studies and
grower reports provide insight.

Reduced pruning frequency is possible with the appropriate use of PGRs. In untreated
orchards, many citrus blocks require annual pruning (or every other year) to control tree
size. PGR-treated blocks can sometimes extend pruning to every two or three years. A
reduced vegetative regrowth following triazole-based growth-retardants (PBZ, UNZ, ProCa
etc.) has been observed in orchards in subsequent seasons. While published experimental
results quantifying pruning cycle reductions in citrus are limited, industry observations
from Brazil and South Africa suggest that effectively suppressing shoot extension with
PBZ or UNZ can, in some cases, delay the need for major structural pruning, which is
consistent with the documented reduction in vegetative vigour observed in experimental
studies [62,63].

Reduced pruning intensity is, similarly, possible. Pruning and hedging costs reduce
profitability in high-density citrus systems [4], and growth-retardant PGRs are increasingly
evaluated as complementary tools to slow canopy regrowth after pruning. PBZ and UNZ
suppress shoot extension by inhibiting GA biosynthesis, which can reduce canopy expan-
sion and the density of new flushes [12,37]. These growth-retardant PGRs can preserve
yield when crop load is moderate, but responses are strongly fruit-load dependent: in
trees in a heavy ‘on’ year, fruit dominance can nullify PBZ’s flowering promotion, whereas
in trees with a medium-to-low crop, PBZ can increase return bloom and help smooth
yield over seasons. From an operations perspective, even if pruning remains necessary,
slower regrowth would reduce the volume of wood needing to be removed and the inten-
sity of subsequent ‘touch-up’ work. In our Australian high-density canopy experiments,
pruning/hedging costs are substantial and vary by strategy (e.g., light hedging versus
more intensive structural pruning), underscoring that any reduction in regrowth translates
into labour and cost savings [4]. Quantitative pruning and labour reductions are well
documented in other woody perennial systems treated with PBZ, although citrus-specific
pruning labour datasets remain limited [64].

Improved canopy management can improve labour efficiency at harvest and, possi-
bly, safety. Picking from a 4 m tall tree requires a ladder and careful manoeuvring; a 3 m
tree might be reachable from the ground or a short ladder, increasing the picking rate. One
picking crew in Spain found they could harvest a PBZ-treated block of ‘Navelina” oranges
about 15% faster than the untreated block because the fruit were more exposed and easier
to reach [65].

Other operations: Smaller, less dense canopies improve efficiency in other orchard
operations. In citrus, applied spray volume and coverage efficiency are strongly related to

https://doi.org/10.3390 /horticulturae12091140


https://doi.org/10.3390/horticulturae12091140

Horticulturae 2026, 12, 1140

10 of 23

canopy size: smaller trees require less spray volume and reduced spray time to achieve
effective coverage [66]. Canopy management practices that limit tree height and overlap
also improve pesticide distribution and facilitate sprayer operation within the trees [67]. As
PGRs consistently reduce citrus canopy height and volume [45,56], these effects indirectly
translate into easier spraying and improved access for under-canopy herbicide applications.
Individually, these gains are modest, but collectively they contribute to smoother orchard
management. Reduced canopy size also combines well with growth under netting, be it
shade cloth or protective (CUPS), which is known to result in higher vegetative growth [68].
Using PGRs would therefore be beneficial; however, studies on this aspect are limited at
this stage.

To quantify this, consider an example. In an orchard, annual light-hedging currently
costs about $1400 AUD per hectare (including labour and machinery, in Australia). If PGR
use means pruning only needs to be carried out once every two years, or reduces pruning
labour requirements by 50%, the effective annual pruning cost is halved to $700/ha. If
yields are maintained, this saving has a direct economic benefit. Allowing for PGR chemical
and application costs of approximately $100-$200/ha, the net benefit remains substantial
at $500-$600/ha per year. Multiple studies support these economic calculations. Research
demonstrated that PBZ substantially reduced vegetative growth and pruning demand in
orchards, leading to large reductions in pruning frequency and cost [56,69]. Economic
analyses in perennial horticulture have shown that PGR use can reduce pruning costs by
40-60%, often more than offsetting the application cost. In Florida, economic modelling
of Valencia orange production under tight huanglongbing (HLB)-era margins indicated
that relatively modest reductions in labour and operating costs can improve net returns
by approximately $300-500 per hectare, which can be pivotal for profitability in marginal
seasons [70].

Important labour aspects include managing alternate bearing and fruit thinning. By
moderating alternate bearing, PGRs can save labour for thinning during an ‘on” year or
intensive pruning in an ‘off” year to stimulate growth. If UNZ ensures some return bloom,
growers do not need to prune as hard after an ‘on’ year to encourage bud break. Conversely,
if PBZ causes a heavy bloom, one might have to invest labour in fruit thinning (hand or
chemical) to avoid too many small fruits. The literature suggests this is manageable using
chemical thinning agents (such as NAA or ethephon) which can mitigate an over-set bloom
without significant labour [25].

Training young trees is often not a priority in nurseries or newly planted trees. PBZ
has been used in nursery systems to control excessive elongation and produce compact,
sturdy planting stock. In citrus nurseries, PBZ applications reduce tall, spindly growth
under high-density conditions and result in well-branched liners with shorter internodes
and greater stem diameter better suited to field establishment [71]. It should be possible to
take this practise to the orchards, applying a low dose to 2-year-old trees to develop more
branching and less rangy growth and thereby reducing pruning.

The integration of PGRs into canopy management programs has been shown to sup-
press vegetative regrowth following pruning or hedging, potentially reducing subsequent
canopy management requirements and improving labour efficiency [7]. It should be noted
that fertigation rates in an orchard, especially nitrogen and irrigation, will need to be
modified for using PGRs. This aspect, however, requires a more detailed research focus
in citriculture.

The reduction in labour required when trees are small is well understood and is gener-
ally positive. PGRs are used not only to achieve canopy size reduction but also to modify
the balance between vegetative and reproductive growth, providing additional benefits. In
particular, by managing flowering intensity and distribution, PGRs can reduce the need for
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labour-intensive practices such as thinning. By suppressing excessive vegetative growth,
PGRs can reduce the intensity of canopy management operations, which is particularly
relevant in high-density orchards [7,43].

4. Application Strategies and Economic Outcomes

The effectiveness and cost-benefit of PGRs in citrus can depend greatly on how they
are used. Application strategy encompasses timing (when in the growth or crop cycle to
apply), method (soil versus foliar), frequency, and dosage. In this section, we outline best
practices for application and relate them to economic considerations, including the return
on investment through labour and yield. The effect of PGRs used in citrus is presented
in Table 1, where published work, across a range of application methods, is summarised,
including effects on yield, fruit quality, and economic and labour implications.

4.1. Timing and Method of PGR Application

PBZ is predominantly applied to the soil in citrus [34,72]. A typical method is to apply
PBZ as a liquid below the tree’s canopy dripline (often in spring), where it is taken up by the
roots and translocated systemically [34]. Soil drenching has the advantage of long residual
action as PBZ binds to soil particles and is taken up slowly by roots, providing a sustained
release [5,37]. For example, a spring soil drench might begin to noticeably suppress the
summer flush and continue to do so through the next spring flush [5]. The disadvantages
are a slower onset (it may take weeks for the PBZ to move into the tree and affect new
growth) and there is potential for uneven distribution in different soil types [5,34]. Soil
application is best done when the soil is moist to facilitate root uptake, but not immediately
before heavy rain to avoid redistribution or uneven movement in the soil profile [5]. UNZ
(Tip Plus®) and UNZ-P (Sunny®) have been registered in South Africa for use in citrus as a
soil-drench application only.

Foliar spraying is used for UNZ and ProCa [18,73] as the effect is quicker to express,
with growth suppression often visible within days as shoot elongation slows [18]. However,
foliar-applied PGRs generally exhibit limited redistribution within the canopy and primar-
ily affect shoots that directly receive spray deposits, making spray coverage critical [18,74].
One challenge is achieving good coverage inside a dense citrus canopy. Adequate spray
volume and suitable surfactants can improve foliar penetration and uptake [74]. Foliar
applications are also more weather sensitive, requiring a rain-free period after spraying
to allow sufficient absorption (rainfastness) [74]. As foliar GA inhibitors act primarily on
newly expanding tissues, repeat applications are often required during prolonged flush
periods. For example, UNZ is commonly applied two or more times during an extended
growing season as successive flushes emerge [18].

The ideal timing depends on the objective. For vegetative growth control, PBZ is
applied at the onset of an active growth flush. In citrus, the major vegetative flushes occur
in spring (after bloom) and, in some production systems, again in summer. Applying PBZ
in early spring, around bud break and flowering and just before the post-bloom flush,
suppresses the vigorous vegetative growth that follows flowering [12,47]. A spring PBZ
soil drench can continue to influence vegetative growth later in the season, with growth
suppression extending into the summer flush. This carry-over reflects the persistence of
PBZ in the root zone and its gradual uptake by roots, allowing effects to span multiple
flushes. If only the summer flush is problematic, as is often the case in tropical climates
with near-continuous growth, or where the spring application window was missed, a soil
or foliar application in early summer can still be effective in suppressing excessive shoot
elongation [5,47].
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To manage alternate bearing, PGRs can be timed differently than for in-season vegeta-
tive control. In heavy ‘on’ years, UNZ can be applied after fruit sizing but before harvest
(late summer to early autumn) to reduce GA activity and promote floral induction for the
following spring. UNZ was applied during autumn to heavily laden ‘Nadorcott’ trees to
increase return bloom in the subsequent season [75]. Since most vegetative growth had
already occurred by this stage, such post-harvest or pre-harvest applications had little effect
on current-season shoot growth, but instead acted to physiologically prime buds toward
the floral pathway, thereby improving flowering intensity in the following year [18,75].

To avoid interference with flowering, gibberellic acid inhibitors should not be applied
directly during the natural floral induction window if the objective is to preserve normal
bloom timing. GA activity during the induction period plays a key role in regulating citrus
bud fate, and late applications of GA-modulating compounds can influence subsequent
phenological development [8]. In some cases, PBZ applied relatively late in the season
(e.g., mid-autumn) has been associated with a slight delay in bloom, likely because buds
were already transitioning and their developmental trajectories were altered. However, by
late autumn to winter, most citrus buds have already undergone, or are close to completion
of, floral induction. At this stage, PBZ applications tend to express their primary effects in
the following spring as reduced vegetative shoot growth rather than suppressing flowering,
and in some situations may even increase bloom intensity by late winter [28,30].

Appropriate dose is critical when using growth regulators. In citrus, PBZ rates are
commonly scaled to tree size using metrics such as trunk diameter, trunk cross-sectional
area, or canopy volume to avoid excessive suppression of small trees and under-dosing
of large trees [56]. Insufficient rates often produce negligible growth control, whereas
excessive rates can suppress shoot growth too much and, in some cases, reduce yield or
leaf size. This sensitivity means that recommendations generally advise starting with
conservative rates and adjusting them based on observed tree response in subsequent
seasons. For foliar applications in citrus orchards, concentrations in the range of 10-40 mg/L
typically correspond to application rates of approximately 1040 g/ha of active ingredient,
depending on spray volume (commonly 500-1000 L/ha in citrus production systems), with
higher rates resulting in stronger and more persistent suppression of vegetative growth [61].
Tree response to both PBZ and UNZ can vary markedly depending on rootstock vigour,
tree health, and existing stress levels, meaning that a rate tolerated by vigorous trees may
cause excessive stunting in weaker or virus-affected trees. Consequently, year-to-year dose
adjustment based on observed vegetative response is recommended to fine-tune growth
control while minimising negative effects [5,47,76].

Controlling irrigation, such as with regulated deficit irrigation (RDI), and well-timed
water stress can reduce vegetative vigour and increase tree responsiveness to PGRs, allow-
ing comparable growth control at lower chemical doses. In ‘Swingel citrange’ (C. aurantifo-
lia), it has been demonstrated [77] that combining deficit or moderate irrigation regimes
with post-harvest auxin (NAA) application significantly improved flowering, physiological
performance, and yield relative to either irrigation or PGR treatment alone. This integrated
approach leveraged water stress and hormonal regulation to limit vegetative rebound and
increase reproductive development. In semi-arid citrus regions, similar strategies, such as
post-harvest water stress followed by PGR application, are used to manipulate bloom and
manage canopy growth, illustrating how irrigation timing, nutritional status, and PGR use
can interact as complementary cultural tools when applied with precision [77].
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Table 1. Summary of historic field experiments on plant growth regulators (PGR) use for canopy management and yield maintenance/improvement in citrus

(1960-2026).

. Application Geographic/ Economic/ Risk/
PGR Crop Variety/ Method/ Dosage Cost Climate Efffmts on Effe.ds on Fruit Quality Labour Limitation References
Used Rootstock . Vegetative Growth Yield
Time Context Outcomes Notes
. Yield Pruning
Mandarin . Shoot growth . .
PBZ, (Cleopatra Soil d.rench 100-400 mg/L, Mediterranean, reduced by 40-60%, mamtamed or Bettgr rm.d labour Ovelj_ . [2,11,16,22,
or foliar $200-400/ha . improved; quality, higher reduced application may  34,40,45,50,
UNZ rootstock), orange . 1-2kg/ha subtropical canopy volume by . g o . 1
1 (spring) b heavier Brix 30-70%; high stress trees 56,59]
(Trifoliate) 20-45% il .
owering ROI
. Pruning
. . Canopy volume Yldd . No change in frequency Phytotoxicity [3,6,12,18,24,
Valencia orange Soil drench reduced by about maintained; o 1 .
PBZ R . 200 mg/L $120/ha Temperate . fruit size; reduced; risk if applied 32,35,41,54,
(Carrizo) (spring) 40%, shoot growth improved . [ lab .
suppressed yield efficiency higher °Brix abour savings late 62]
pp up to 70%
Grapefruit Foliar spra Reduced shoot Yield stable; iIJILUIEC)Cx?é(C)Il'lr th(lirllli;ed Yield drops if [4,15,19,26,
UNZ p Pray s kg/ha $150/ha Subtropical length by 50%; improved fruit mp ’ p & P 31,36,43,48,
(Swingle) (autumn) firmness labour; cost over-applied
compact canopy set maintained savin 51,68]
gs
Lime Soil drench Canopy volume Yield Fruit qualit Pruning [5,7,8,27,38,
PBZ (C. aurantifolia, (early 100 mg/L $100/ha Tropical reduced 35%; less d y labour Minimal risk 44,49,55,60,
. unchanged unchanged
own-rooted) spring) shoot growth reduced 72]
Orange (sweet Foliar spra Moderate growth Yield No significant Minor labour Residue risk if 9,20,25,28,
ccc & / AT SPTAY 250 mg/L $90/ha Mediterranean aes < & . . 33,39,46,52,
sour rootstock) (spring) reduction maintained effect savings high dose 61,76]
. . . . . [7,10,14,23,
.GA. . Citrus (mixed culti Foliar spray ~ Variable Variable M1xed Some growth Yield variable Quality Limited effect Data . 29,37,42,58,
inhibitors  vars/rootstocks) climates reduction unchanged inconsistent 71]

Note: This table includes multiple reference numbers for each row, reflecting the extensive citation base (80+ references) used in the literature review. For full citation
details, please refer to the reference section. Only representative studies are shown; see references for more details. Key: PBZ = paclobutrazol; UNZ = uniconazole;
CCC = chlormequat chloride; GA = gibberellic acid.
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4.2. Cost-Benefit and Return on Investment (ROI)

From an economic standpoint, PGR use in citrus generally shows a high return on
investment, provided yield and fruit quality are maintained.

The primary economic benefit is thought to not be reduction in vegetative growth
itself, but the consequent reduction in pruning and canopy management required. While
there is an upfront cost associated with PGR materials and their application, these costs are
typically modest relative to manual pruning.

Yield response influences ROI, and the use of PGRs could lead to even modest im-
provements in fruit set, size, or return bloom, which could exceed the cost of treatment.
Conversely, inappropriate timing or excessive dosing that suppresses yield would negate
these benefits; however, most citrus studies report neutral or positive yield responses when
PGRs are correctly applied [56,78,79]. As a result, the economic risk of PGR use is primarily
associated with misapplication, reinforcing the importance of conservative dosing and
careful monitoring [47].

The use of PGR could improve fruit quality attributes, translating into higher returns.
Improvements in internal quality, such as higher soluble solids concentration (°Brix), may
increase processor returns in juice oranges by increasing recoverable sugar yield, expressed
on a mass basis as kilograms of sugar per tonne of fruit (kg/t). In sweet orange, pre-harvest
applications of PBZ and ProCa improved rind colour development and firmness—effects
that can reduce downgrading and post-harvest losses [60]. Even modest increases in pack-
out percentage can therefore raise gross returns per hectare, independent of total yield.

Growth regulators such as PBZ suppress shoot elongation and reduce canopy expan-
sion, resulting in less pruning [47,80], which will allow labour reallocation. Even when
labour is redeployed rather than eliminated, this represents a gain in operational efficiency
and labour cost [76]. The availability of PGRs may reduce sensitivity to labour constraints
by providing an additional management option for controlling vegetative growth.

High-density (1100 trees/ha) citrus plantings typically deliver higher yields in the
early years but often develop crowded canopies within 7-10 years, necessitating hedging or
tree removal [4,81]. Growth-retardant PGRs such as PBZ can delay the onset of crowding
(overshading) in high-density systems [12,33], so the early yield advantage of high-density
plantings may be sustained for longer where vegetative growth is effectively moderated.

From a risk perspective, inputs with relatively low per-hectare cost and multi-year
effects, such as growth regulation in vigorous orchards, offer robust returns because the risk
is limited while potential savings accumulate over time. Even in years with low fruit prices,
cost reductions directly improve margins, whereas in high-price years, stabilising yield and
fruit quality increases revenue potential. Consequently, economists generally view growth
control strategies as economically attractive when targeted to blocks where vigour drives
real pruning costs, but unnecessary or marginal in already low-vigour orchards [82].

5. Other Considerations and Challenges Associated with Use of PGRs

While the advantages of using growth regulators in citrus are compelling, several
points must be considered to ensure their safe and effective use. These include physio-
logical side effects, residue and regulatory issues, and integration with overall orchard
management practices.

5.1. Cultivar and Rootstock Variability

Citrus are diverse, and not all types and varieties (rootstocks and scions) respond
similarly to PGRs. Growers have observed differences such as the following;:

Sensitivity: Mandarins are frequently described as more sensitive to PBZ than sweet
oranges, with excessive growth suppression, leaf chlorosis, or prolonged dwarfing reported
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at application rates that produce only moderate effects in oranges [51,79]. This height-
ened sensitivity is commonly attributed to the lower inherent vegetative vigour of many
mandarin cultivars, which reduces their tolerance to GA inhibition [38,53]. Anecdotal
observations further suggest that ‘Satsuma’ mandarins often require substantially lower
PBZ doses than vigorous ‘Valencia’ oranges to achieve comparable growth reduction, con-
sistent with their naturally compact growth habit [53]. In contrast, grapefruit and other
highly vigorous citrus types typically require higher PBZ doses to suppress shoot growth
effectively; however, this increased vigour appears to be accompanied by a narrower mar-
gin between effective and excessive dosing. Early Australian experiments showed that
while PBZ could effectively suppress vegetative growth in grapefruit, excessive applica-
tion reduced yield, indicating a relatively narrow optimal dose range for this species [18].
Similar conclusions have been drawn in broader reviews of PBZ use in fruit crops, which
emphasise that cultivar-specific vigour strongly influences both efficacy and the risk of
over-suppression [38,53].

Rootstock influence: Rootstocks strongly influence tree vigour and endogenous
hormone balance and therefore modify the effectiveness of PGRs. Vigorous rootstocks
such as rough lemon (C. jambhiri Lush) can partially counteract growth-retarding effects.
Consequently, a sweet orange scion on vigorous rootstocks may require higher PBZ doses
to achieve canopy control, whereas the same scion on dwarfing rootstocks such as ‘Flying
Dragon’ (Poncirus trifoliate (L.) Raff) may require little or no PBZ. Soil-applied PBZ reduced
vegetative growth to different extents in several citrus rootstocks, including Carrizo citrange
(C. sinensis ‘Washington’ x P. trifoliata), Cleopatra mandarin (C. reshni Hort. ex Tanaka) and
rough lemon (C. jambhiri Lush.), indicating that inherent differences in rootstock vigour and
physiology influence growth-retarding efficacy [72]. Controlled studies on citrus rootstock
seedlings demonstrate that PBZ can affect shoots and roots differently, with some rootstocks
exhibiting marked changes in root morphology while others show predominantly shoot
responses [83]. These findings suggest that PGR application rates and responses may
need to be adjusted according to rootstock, although further targeted field experiments are
required to refine rootstock-specific recommendations. In addition, there is evidence that
PBZ alters root system architecture and root-shoot relationships, which may influence the
uptake and distribution of soil-applied PBZ and contribute to variability in growth control
responses [84]. Currently, no published results are available on the interaction of rootstock
with UNZ.

Alternate-bearing varieties: PGRs have shown their strongest and most consistent
effects in alternate-bearing mandarins, particularly seedy cultivars such as ‘Murcott” and
‘Nadorcott’ [11,75]. In contrast, responses in navel oranges, which also exhibit alternate
bearing, have been more variable. This variability likely reflects interactions among cultivar
genetics, tree age, and climatic cues that influence floral induction, rather than a uniform
PGR response. Consequently, cultivar-specific observations over one or more bearing cycles
are often required to optimise PGR timing and dose.

Stunting versus controlling: use of GA-biosynthesis inhibitors such as PBZ over
multiple seasons can lead to cumulative growth suppression due to its persistence in soil.
While this residual activity can be beneficial for sustained canopy control, excessive or
uninterrupted application may result in unintended chronic dwarfing, including reduced
shoot extension, smaller leaves, and limited canopy renewal [53]. Observations from Aus-
tralian citrus production suggest that some mandarin cultivars show signs of cumulative
suppression after several consecutive years of annual PBZ use, prompting growers to occa-
sionally omit PBZ for a season to allow canopy recovery [53]. The need for such ‘rest years’
appears cultivar dependent. Recommendations increasingly emphasise variety-specific
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PGR programs, conservative initial rates, and ongoing adjustment based on observed tree
responses rather than fixed long-term prescriptions.

5.2. Responsible Use: Residues and Environmental Considerations

Responsible use of PGRs in citrus requires attention given to residue compliance and
environmental fate. PBZ and related triazole PGRs have established maximum residue
limits (MRLs), and multiple studies show that when PBZ is soil-applied early in the
season, residues in citrus fruit at harvest are typically very low or non-detectable, with
much higher concentrations retained in leaves and roots than in pulp or juice [53,79,85].
Consequently, residue issues have not been a major concern in citrus when label rates
and application timing are followed. Late-season foliar applications should be avoided
to minimise potential surface residues, while compounds such as ProCa are considered
low-risk due to their rapid degradation into naturally occurring metabolites [53].

From an environmental perspective, PBZ is moderately persistent but strongly ad-
sorbed to soil [53], resulting in limited mobility and low leaching risk under normal orchard
use. UNZ is applied at much lower doses and exhibits similar soil-binding behaviour,
whereas ethephon rapidly degrades to ethylene and inorganic residues, with short environ-
mental persistence and limited off-site mobility under typical use conditions. Non-target
effects are generally minor but can include growth suppression of ground cover or adja-
cent vegetation if PBZ is taken up unintentionally, highlighting the importance of precise
application. Overall, PGRs used in citrus are considered low-risk to humans and wildlife
at field rates, although standard personal protective equipment remains essential during
handling [53]. In Australia, however, key growth regulators such as PBZ and UNZ are
not registered for use in citrus, and their application is therefore not permitted unless
conducted under an Australian Pesticides and Veterinary Medicines Authority (APVMA)
permit. All use must comply with relevant Commonwealth and state legislation governing
agricultural and veterinary chemicals.

5.3. Integrating PGRs with Other Cultural Practices

Using PGRs is not a standalone solution; it should be integrated into an overall orchard
management system:

Nutrition: The use of PGRs affecting vegetative growth requires adjustment of orchard
nutrition programs to ensure that growth regulation translates into improved productivity.
By suppressing GA-mediated shoot growth, PBZ reduces vegetative demand for nitrogen
and alters internal carbon-nitrogen allocation, increasing the risk of excessive greening or
secondary flushing if fertiliser inputs are not aligned with reduced growth potential [72,86].
Strategic nutritional programs to support reproductive outcomes where growth suppres-
sion is excessive should therefore be developed. Winter foliar application of low-biuret
urea has been shown to increase floral intensity by increasing leaf ammonia availabil-
ity, particularly when buds have already been predisposed to flower by growth-limiting
conditions [87].

Irrigation: Both regulated deficit irrigation (RDI) and PBZ restrict vegetative growth
and influence assimilate partitioning; their combined use can provide additive benefits
for canopy management and flowering control, but could increase the risk of over-stress.
Citrus studies consistently demonstrate that excessive or poorly timed water deficits reduce
fruit size and yield, particularly when stress coincides with flowering, fruit set, or rapid
fruit expansion [88,89]. Similarly, excessive PBZ-induced growth suppression has been
associated with reductions in fruit size during active spring growth, or where flowering and
fruit load are significantly increased [47]. As a result, management guidelines emphasise
moderating either irrigation deficits or PGR dose when both practices are used concurrently,
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to achieve sufficient growth control while maintaining adequate assimilate supply to
support fruit growth and marketable yield [47,86].

Pest and disease: Growth regulation using PGRs can indirectly influence pest and
disease dynamics by modifying canopy phenology and structure. Reduced vegetative
flushing limits the availability of young shoots, which pests such as the Asian citrus psyllid
prefer for oviposition. It has been demonstrated that ProCa reduced shoot extension
growth and was associated with lower Asian citrus psyllid (ACP) oviposition, which they
attributed to reduced availability of young flush tissue [7]. This mechanism is consistent
with broader ACP ecology, where psyllid reproduction has been shown to be tightly linked
to the presence of young flush [90]. In addition, sustained growth control can result in
more open canopies, improving light penetration and air movement, and allowing foliage
to dry more rapidly after rainfall, which may reduce the conditions favourable for foliar
fungal diseases. However, growth regulation can also increase shoot density or create
shaded internal canopy zones, potentially favouring scale insects or mealybugs, if not
combined with appropriate canopy management [91]. Consequently, PGR use should be
integrated with regular pest monitoring and selective canopy thinning where required.
In HLB-affected plants, integrated PGR strategies are being explored to balance canopy
renewal and fruit retention, including the use of gibberellic acid to stimulate vegetative
growth followed by growth-retarding treatments to stabilise canopy structure [92].

Mechanical pruning: Heavy or frequent cuts can stimulate excessive shoot extension,
reducing the interval before subsequent pruning is required. The application of growth-
retarding PGRs following hedging can suppress regrowth and prolong the effectiveness of
mechanical pruning [93]. From a management perspective, combining mechanical hedging
with PGR-based growth regulation allows growers to retain the operational efficiency of
mechanical pruning while minimising its invigorating effects on vegetative growth and
improving the predictability of canopy development.

Pollination and fruit set: Although growth-retarding PGRs alter the hormonal balance
in citrus trees, there is limited evidence that commercially recommended application rates
adversely affect pollination or fruit set. A study examining PBZ use in citrus reported
substantial effects on vegetative growth and flowering intensity, but did not consistently
report reductions in yield when appropriate rates and timing are used [47]. Reviews
of citrus flowering physiology further indicate that manipulation of the GA pathway
primarily affects bud induction and shoot development, rather than pollen function or
floral fertility [94]. Nevertheless, from a management perspective, fruit set should be closely
monitored in PGR-treated orchards, as excessive suppression of growth could indirectly
affect flower quality or assimilate availability during early fruit development.

5.4. Limitations and Future Research Needs in Use of PGRs in Citrus Orchards

Despite the demonstrated benefits of PGRs in citrus canopy and crop management,
several limitations and knowledge gaps remain.

A fundamental uncertainty remains about long-term tree health under repeated
growth suppression. Although PGRs such as PBZ have been used for several decades,
there is limited information on their continued use for more than 10 years. Available citrus
studies indicate that growth suppression is largely reversible, suggesting no permanent
physiological change [2,47]. Nevertheless, continued research on cultivars, rootstocks, soil
types, and climatic regions are required.

Another limitation identified in this review is the lack of robust, quantitative decision
frameworks for PGR applications. Current practice relies heavily on grower experience and
visual assessment of canopy vigour. Future research should focus on developing dosing
algorithms, potentially integrating pre-application trunk growth measurements, novel
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canopy growth estimation technologies such as LiDAR, and phenology-based indicators
such as degree-day accumulation. Decision-support tools linking growth dynamics with
optimal PGR timing and rate would improve consistency and reduce the risk of under-
or over-application.

The development of new compounds and combinations also warrants investigation;
for example, Tip Plus® and Sunny® are both new and proprietary uniconazole formula-
tions and have been applied via drip or micro-irrigation in citrus. These emerging growth
regulation products, as well as resistance inducers and inhibitors of alternative hormonal
pathways, may offer partial growth control with reduced chemical inputs, while combina-
tions of PGRs and biostimulants could further lower reliance on single active ingredients.
In parallel, interest in biological approaches is growing, such as manipulating rhizosphere
microorganisms capable of producing endogenous growth-regulating signals, although
these strategies remain largely experimental.

For organic citrus growers, synthetic PGRs are not allowed. Perhaps certain plant
extracts (for example, kelp, which contains cytokinin, or humic acids that might trigger
more ABA) might have growth-modulating effects. Thus far, none are nearly as effective as
PBZ or UNZ. Some organic growers use heavy summer oil sprays to mildly stress trees
(a technique to mimic the effect, since high oil content can temporarily reduce photosyn-
thesis). Research in this area could help bring other canopy management strategies to
organic systems.

Prevailing climate conditions and extreme weather can introduce further complexity.
Warmer winters may reduce natural floral induction, increasing reliance on PGR-based
growth regulation, while more frequent extreme weather may interact unpredictably with
growth suppression. Refining PGR recommendations under increasingly variable climatic
conditions represents a critical area for future research [94].

Overall, while PGR technology in citrus is well proven, it is evolving in how it is ap-
plied and integrated into new orchard systems, i.e., shade netting and change in rootstocks.
The current limitations are manageable, and ongoing research needs to continue to refine
usage for maximum benefit.

6. Conclusions

The body of evidence reviewed demonstrates that the judicious use of PGRs can
increased canopy efficiency in a citrus orchard. They can be used effectively to suppress
vegetative growth and modify canopy architecture and assist in the management of flower-
ing and fruiting. When applied at the correct concentrations, GA-inhibiting PGRs such as
PBZ and UNZ reduce citrus shoot growth (often by 40-60%) and canopy volume (20-45%),
resulting in smaller trees requiring less pruning. These growth effects have been observed
in different citrus types (oranges, mandarins, grapefruit, limes) and in multiple climates.
PGRs can maintain or even increase yield by promoting flowering and fruit set in treated
trees which often achieve equal yields with less vegetative infrastructure, increasing yield
efficiency (kg fruit per m> of canopy). Most studies (including recent experiments up to
2024) report comparable size and number of fruits, with some noting higher °Brix or better
rind quality. Yield reductions typically occur only with over-application or poor timing.
PGRs can also be used as a tactical tool to break the alternate bearing cycle or modulate
its severity by promoting return bloom and levelling out resource allocation. To maximise
benefits, PGRs should be used as part of an integrated orchard management approach.
They complement pruning (not replace it entirely) and should be calibrated with nutrition
and irrigation strategies. Growers who fine-tune PGR timing and dose to their specific
orchard conditions (variety, rootstock, climate, tree age) have seen the best results.
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If recommended application rates are followed, PGR residues in fruit are well within
safety limits and pose no issue to consumers (PBZ and UNZ residues are typically <
0.01 mg/kg, far below regulatory MRLs). There is no publicly available evidence of adverse
environmental effects, as these compounds remain largely in the orchard soil and degrade
over time, with minimal leaching.

PGRs have proven to be a valuable innovation for citrus production, overcoming key
challenges of excessive vegetative growth and labour-intensive pruning. They help ‘right-
size’ the tree, ensuring that more of the tree’s energy goes into fruit rather than wood. This
leads to a cycle of easier management and potentially better productivity. As labour costs
rise and the industry pushes toward high-density plantings and mechanical harvesting, the
role of PGRs in maintaining suitable tree architecture will likely expand. Future research
should continue to refine usage guidelines (tailored to emerging cultivars and rootstocks),
explore synergistic combinations (for example, with biostimulants or deficit irrigation
for even greater efficiency), and monitor long-term orchard health under sustained PGR
programs. New PGR chemistries might also be developed that offer even more precision.
Nevertheless, even with current tools, the evidence is clear that the benefits of using PGRs,
in terms of reduced pruning, stable yields, and improved economic returns, outweigh the
modest costs and management adjustments needed. PGRs, when used knowledgeably,
are thus an enabling technology for citrus growers, helping them achieve the dual goals
of higher productivity and lower labour dependence, which are crucial for the future
sustainability of the citrus industry.
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