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Abstract

:

Paclobutrazol is a tree growth regulator that is frequently applied by arborists to control tree growth in utility rights of way. Paclobutrazol is also marketed to mitigate tree stresses associated with urban environments. In this study we applied paclobutrazol as a soil drench to honeylocust (Gleditsia triacanthos L var. inermis (L.) Zab.) and Callery pear (Pyrus calleryiana Decne.) trees planted as street trees on two sites in Lansing, Michigan USA. We evaluated physiological and morphological responses for two years after treatment. Application of paclobutrazol increased SPAD chlorophyll index of trees of both species in both years, compared to untreated control trees. Application of paclobutrazol increased leaf water potential of trees on one study site (Downtown) but not the other (Old Town). Paclobutrazol increased gas exchange (net photosynthesis and stomatal conductance) of Callery pear trees on one of four measurement dates (gas exchange was not measured on honeylocust trees). Leaf size of Callery pear trees was reduced following paclobutrazol application whereas leaf size of honeylocust trees was unaffected by paclobutrazol. These results indicate that paclobutrazol can help to reduce stress of trees and improve physiological function under urban conditions. However, paclobutrazol should be viewed as part of a suite of options for arborists and landscapers to manage trees on stressful sites, rather than as a replacement for proper overall care.
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1. Introduction


Paclobutrazol is a plant growth regulator that is increasingly used by arborists and landscapers to control height growth of landscape trees [1]. It inhibits gibberellin synthesis, reducing shoot elongation, resulting in shorter internodes [2] and is effective in reducing shoot growth on a range of tree species, though the effectiveness varies widely among species [1,3]. Paclobutrazol products currently labeled and marketed for arboricultural application include Cambistat™ (Rainbow Treecare Scientific Advancements), Profile™2SC (SePRO Corporation), and ShortStop® (Plant Growth Management Systems). Most of the formulations of paclobutrazol currently available for arboricultural use are designed to be applied via soil drench or soil injection, though formulations designed for foliar application are also available. Once in the soil, paclobutrazol is taken up by tree roots and translocated upward through the xylem to the growing points near the branch tips. Paclobutrazol is persistent within trees and within soil; therefore the effects of a single application can last 3 years or longer [4,5].



In addition to controlling height and shoot growth, paclobutrazol can also affect a suite of morphological and physiological traits related to tolerance of a variety of environmental stresses [6]. Paclobutrazol increases the allocation of biomass to roots relative to shoots [7,8]. This increase in root:shoot ratio may be due to reduced shoot growth relative to roots or may be due to an absolute increase in root growth, especially fine roots near the soil surface [7]. Reductions in leaf growth associated with paclobutrazol application can be due to reduced leaf size as well as number of leaves produced [9,10,11]. Application of paclobutrazol can reduce tree water loss, resulting in improved tree water status based on reduced leaf area [12,13,14]. The production of smaller leaves and more compact tree crowns often results in increased foliar chlorophyll concentration (measured directly or through Soil Plant Analysis Development chlorophyll index (SPAD index)) and increased photosystem efficiency or photosynthetic rate [15,16,17,18,19,20,21,22]. Recent studies have also shown that paclobutrazol can enhance production of secondary pigments and molecules that can reduce the impacts of oxidative stresses such as drought or exposure to salinity [23,24]. Moreover, leaf micro-anatomy is affected by paclobutrazol application, including increases in palisade layer thickness and increased trichrome density, which are associated with increased drought tolerance [13,25].



Growth and physiological performance of street trees and other urban trees are often limited by a range of environmental stresses [26,27]. Urban stressors include below-ground factors such as poor soil conditions [28,29,30] or limited rooting volumes [31,32]. Urban trees are also subject to increased temperatures and vapor pressure deficits associated with urban heat island effects [33,34]. Due to the combination of above-ground and below-ground stresses, urban trees often have lower leaf water potentials and reduced rates of photosynthetic gas exchange compared to trees less developed or park-like settings [32,34]. Given that water stress is a common limiting factor for trees in landscapes and urban areas, application of paclobutrazol may be effective as a transplant aide or as a technique to mitigate urban stresses in existing street trees [7,35]. While the studies referenced above demonstrate numerous effects of paclobutrazol on physiology and morphology of trees, most studies of paclobutrazol on trees have been conducted under controlled conditions or with container-grown trees. Relatively few studies have considered whether stress mitigation effects of paclobutrazol application can be detected above the environmental noise of an urban street tree environment [7,8]. Aboveground and belowground environments in urban areas are often extremely heterogeneous and subject to anthropogenic factors [28,33,34], which may confound treatment effects and reduce the likelihood of identifying a tree response to cultural treatments.



In this study, we investigated the effect of paclobutrazol on physiology and morphology of two common street tree species under typical urban conditions in Lansing, Michigan USA. The goal of the project was to determine if applying paclobutrazol could mitigate tree stress in a representative population of urban street trees. Our specific objectives were to determine whether soil-applied paclobutrazol affects leaf morphology, SPAD chlorophyll content index, photosynthetic gas exchange or leaf water potential of honeylocust (Gleditsia triacanthos L var. inermis (L.) Zab.) and Callery pear (Pyrus calleryiana Decne.) street trees.




2. Materials and Methods


2.1. Study Sites


The study was conducted in Lansing, Michigan, USA (42°44′ N, 84°32′ W) (Figure 1). According to the 2010 US census, the population of Lansing was 114,297. Lansing has a humid continental climate with cold winters (USDA Hardiness zone 5b, mean Jan. temperature = −4.8 °C) and warm, humid summers (mean July temperature = 21.9 °C). Average annual precipitation in Lansing is 900 mm. Long-term average precipitation is evenly distributed throughout the year, but rainfall distribution and total rainfall can vary widely from year to year.



We identified trees for the study in cooperation with personnel from the city of Lansing. We selected honeylocust (Gleditsia triacanthos L var. inermis (L.) Zab.) and Callery pear (Pyrus calleryiana Decne.) trees for study because they are common throughout the city and are representative of trees planted in similar communities throughout the Midwestern USA. We selected trees in two areas within the city, Downtown and Old Town. Trees on the Downtown site were located along a single main street, Michigan Avenue, which runs east-to-west through the main downtown of Lansing. The Old Town site is located approximately 2 km north of the central downtown area. This site included trees along two streets, Turner Avenue, which runs north-to-south and Grand River Avenue, which runs east-to-west. Nearly all trees were located in tree pits between the sidewalk and the street. Typical pit dimensions were 1.3 m × 1.3 m. Four of the honeylocust trees on the north end of the Old Town site were located in tree lawns. Mean soil pH of the sites was 7.9. At each site we conducted an initial inventory of candidate trees for study. The dbh (diameter at breast height −1.5 m) and height of each tree was measured (Table 1).



Treatments were assigned to the trees using a paired plot approach. Trees were grouped by site, species, and aspect and then sorted by diameter. Trees of similar diameter were paired and one tree was selected at random to receive treatment with paclobutrazol, while the other tree served as an untreated control. We applied paclobutrazol treatments on June 23, 2013. All treatments were applied as a soil drench of Cambistat™ (22.3% paclobutrazol a.i.) according to the product label. Ready-to-use (RTU) solution was produced by diluting concentrated product at a 1:11 ratio (concentrate: water, v:v). We applied RTU solution as a soil drench around the root flair of each tree. The solution was poured slowly around the base of each tree to ensure that the solution infiltrated the soil and did not run off. Application rates were based on the Cambistat™ product label; 1.1 g a.i per cm of dbh for the honeylocust trees and 1.5 g a.i. per cm of dbh for the Callery pear trees. We assessed the trees for evidence of potential phytotoxicity (e.g., leaf discoloration, anomalous growth) one month after application and observed no evidence of adverse effects.




2.2. Measurements


2.2.1. SPAD Chlorophyll Index


We assessed chlorophyll content index for all trees in July 2014 and 2015 using a SPAD chlorophyll meter (SPAD-501, Minolta, Inc.). For some of the Callery pear trees at the Downtown site, we were able to access sample leaves (2–2.5 m height) from the ground. For the remaining trees, shoots were clipped using a pole pruner from exposed branches (south or west side) from the mid-crown (3–7 m height). We measured SPAD index on five leaves per tree and recorded the average.




2.2.2. Photosynthetic Gas Exchange


We measured photosynthetic gas exchange of Callery pear trees at the Downtown site on two dates in 2014 (9 July and 6 Aug) and two dates in 2015 (6 Aug and 1 Sept) using a portable photosynthesis system (LI-6400, Li-Cor, Inc., Lincoln NE USA). We measured photosynthetic gas exchange on Callery pear trees only, as these trees have simple leaves that completely fill the leaf chamber of the LI-6400. We did not measure gas exchange on honeylocust trees due to difficulties of estimating leaf area in the leaf chamber of their pinnately compound leaves that have very small leaflets. Each set of gas exchange measurements was divided into a morning run and afternoon run. Morning measurements were completed between 9:00 and 12:00; afternoon measurements were completed between 13:00 and 16:00. A 10–15 cm shoot was clipped from each tree using a pole pruner for each gas exchange measurement. We placed one leaf, still attached to the shoot, into the Li-6400 leaf chamber. Preliminary testing indicated that gas exchange rates remain stable for at least 5 minutes after shoot removal under a range of environmental conditions. All gas exchange measurements were standardized using the control systems of the Li-6400 with a flow rate of 500 ml min−1, photosynthetically active radiation of 1500 mol m−2s−1 and reference CO2 of 400 ppm. As recommended by the manufacturer, the desiccant column was set to slightly dry the air and all measurements were collected at ambient temperature. Mean (±standard error) leaf temperature and vapor pressure deficit based on leaf temperature (VpdL) during the gas exchange measurements were: 9 July 2014 = 24.7 (±0.20) °C and 1.6 (±0.03) kPa; 6 Aug 2014 = 27.1 (±0.18) °C and 2.0 (±0.04) kPa; 6 Aug 2015 = 28.4 (±0.22) °C and 2.0 (±0.04) kPa; 1 Sept 2015 = 32.5 (±0.16) °C and 1.9 (±0.04) kPa. Stability of gas exchange readings was assessed by tracking photosynthetic rate, stomatal conductance and total CV using the Li-6400’s real-time graphing feature. Readings were logged when net photosynthesis and conductance appeared stable and total CV was less than 5%, which was usually achieved within 1.0–1.5 min of placing leaves in the chamber. Average midday photosynthesis was calculated for each tree as the mean of morning and afternoon measurements.




2.2.3. Leaf Water Potential


Mid-day leaf water potential (Ψw) was measured on trees of both species at both sites using a portable pressure chamber (Model 600, PMS Instrument Co. Albany, OR, USA) on three dates in 2014 (Old Town: 10 July, 8 Aug, 29 Sept; Downtown: 9 July, 6 Aug, 9 Sept) and four (Old town: 9 June, 8 July, 12 Aug, 10 Sept) or five (Downtown: 28 May, 24 June, 6 July, 6 Aug, 1 Sep) dates in 2015. Shoots were clipped from each tree using hand pruners or a pole pruner and a leaf was immediately removed for Ψw measurements. Weather conditions for dates on which Ψw was measured are presented in Table 2.




2.2.4. Leaf Morphology and Shoot Growth


Leaf size and specific leaf mass were measured on leaf samples collected from each tree in September 2014 and 2015. Shoots were clipped from each tree using a pole pruner and 20 leaves were collected from each tree. Leaf area of the sample was estimated by passing all leaves through a leaf area meter (Li-3000, Li-Cor, Inc. Lincoln, NE USA). After determining leaf area, we dried and weighed the leaves. Leaf size (cm2 leaf−1) was calculated by dividing the total sample leaf area by the number of leaves in the sample. Specific leaf mass (g cm−2) was calculated by dividing the dry weight of each leaf sample by its leaf area. We collected three shoots from each Callery pear tree in fall 2015 that included the current year’s growth plus the previous three years growth. Shoot growth from 2012 (pre-treatment), 2013 (treatment year), and 2014 and 2015 growing seasons was estimated by measuring the distance between the base of the terminal bud or bud-scale scar and the bud scale scar of the previous year. Shoot growth increments on the honeylocust trees were too small to reliably estimate annual shoot growth.




2.2.5. Analysis


The effect of treatment, species, and treatment × species interaction were determined for leaf morphology variables and SPAD index, by analysis of variance using SAS GLM (SAS ver. 9.4, SAS Institute, Inc. Cary, NC, USA). The effect of treatment and, where appropriate, species and treatment × species interaction, were determined by repeated measures analysis of variance for gas exchange and water potential data. Normality of residuals was tested by the Shapiro–Wilk test. When necessary, residuals were normalized by transforming response data using square root or arcsine (square root) transformations.






3. Results


3.1. SPAD Chlorophyll Index


Application of paclobutrazol increased (p < 0.01) SPAD chlorophyll index for trees of both species in both years (Figure 2). For pear trees treated with paclobutrazol, mean SPAD index increased by 3 SPAD units (8%) in 2014 and 5 SPAD units (13%) in 2015, compared to untreated control trees. For honeylocust trees, paclobutrazol application increased SPAD index by 3 SPAD units (7%) and 8 SPAD units (15%) in 2014 and 2015, respectively. Species affected (p < 0.01) SPAD values as SPAD index of honeylocust trees was 4 SPAD units higher than pear trees in both years. The interaction of species and paclobutrazol was not significant (p > 0.05), indicating the relative response of SPAD to paclobutrazol was similar between species.




3.2. Photosynthetic Gas Exchange


On the Downtown site, application of paclobutrazol increased (p < 0.05) net photosynthesis and stomatal conductance on the July 2014 measurement date (Table 3). In August 2015, there was no difference in gas exchange rates between paclobutrazol-treated and untreated trees. On the other dates, net photosynthesis and conductance were higher for paclobutrazol-treated trees compared to untreated control trees but the differences were not statistically significant. Averaged across measurement dates, paclobutrazol application increased net photosynthesis by 11.5% and increased stomatal conductance by 14.2%.




3.3. Leaf Water Potential


Paclobutrazol increased (p < 0.05) midday Ψw of honeylocust trees on the Downtown site. This effect was particularly apparent in 2015 when Ψw was generally lower than in 2014, reaching a minimum of −2.0 MPa on the Downtown site in September 2015 (Figure 3).




3.4. Leaf Morphology and Shoot Growth


Leaf area response to paclobutrazol varied between species (spp × trt; p < 0.05) (Figure 4). Application of paclobutrazol reduced (p < 0.01) mean leaf size of Callery pear trees in both 2014 and 2015 (Figure 4 top). In contrast, leaf size of honeylocust trees was unaffected by paclobutrazol application (Figure 4 bottom). Specific leaf mass was higher for Callery pear trees (140.7 g m−2) than for honeylocust trees (56.4 g m−2) but was not affected (p > 0.05) by paclobutrazol application. Mean shoot growth of Callery pear trees was 12 cm in 2014 and 8 cm in 2015. There was no difference in shoot growth between the paclobutrazol-treated and untreated trees in 2012 (pretreatment), 2013 (treatment year), 2014 or 2015 (data not shown).





4. Discussion


In this study, we investigated the potential for application of paclobutrazol to mitigate environmental stress of trees in urban areas. Paclobutrazol can mitigate the impacts of urban stresses on trees directly by stimulating biochemical responses including synthesis of chlorophyll, secondary pigments, and other molecules to protect against oxidative stresses [6,23,24]. In addition, paclobutrazol inhibits shoot and leaf growth relative to root growth [7,36], which can mitigate stress by reducing tree water loss and improving tree water status (increased leaf water potential) [10,14].



The response of urban trees to application in situ were not as definitive as many studies of paclobutrazol on trees grown in containers or under more controlled conditions. This is not surprising given the heterogeneity of the urban environment. Nevertheless, we observed evidence of both direct and indirect (growth mediated) effects of paclobutrazol on stress responses of the trees on the two sites. The most consistent response of trees to paclobutrazol was increased SPAD chlorophyll index, which increased for trees of both species in both years. For the honeylocust trees, the increase in SPAD following paclobutrazol application could be the result of a stimulation of chlorophyll production, given that leaf size of these trees was not affected by paclobutrazol. For Callery pear trees, increased SPAD could be the result of a direct stimulation of chlorophyll production or a concentration effect—similar amount of chlorophyll in a smaller leaf-as the increase in SPAD index coincided with reduced leaf size. SPAD index can also be affected by leaf thickness [37], which can increase following paclobutrazol application [25].



Increases in net photosynthesis of Callery pear following treatment with paclobutrazol may be related to improved foliar nutrition, improved midday water potentials or both. Although we did not measure foliar nutrient concentrations directly, the consistent increases in SPAD chlorophyll content in both years, suggest that foliar nitrogen concentrations, which are highly correlated with SPAD, were higher following paclobutrazol application [23,38]. Given that net photosynthesis is strongly linked to foliar N in deciduous trees [39], this would lead to higher photosynthetic capacity. Increases in photosynthesis and conductance could also be related to improved plant water relations, at least on the Downtown site. Paclobutrazol could improve tree water status by increasing fine root production [7] or by reducing overall tree water use through reduced leaf area [10,11,40], or both.



The lack of a shoot growth response in this study is somewhat surprising as this is the most common response of trees to paclobutrazol and is widely reported in the literature [1]. It is unlikely that the trees did not take up applied paclobutrazol. The application rates and methods used followed labeled guidelines for the product and the root systems of treated trees were confined to sidewalk tree pits. Moreover, the consistent effect of paclobutrazol on SPAD in this study indicates the trees took up and responded to paclobutrazol. While most studies report reductions in shoot growth in response to application of paclobutrazol, some studies report no effect or occasionally stimulation of shoot growth in response to paclobutrazol [41,42].



Watson et al. [43,44] suggest that managing trees on urban sites requires an integration of multiple approaches (e.g., mulch, irrigation, aeration, prevention of compaction) to overcome site and soil limitations. The results of the present study indicate that plant growth regulators (PGR’s) such as paclobutrazolmay provide arborists with an additional tool to manage trees in stressful locations. We observed consistent increases in SPAD chlorophyll index, suggesting improved tree nutrition and modest but measurable improvements in plant water relations and photosynthetic gas exchange. Nonetheless, PGR’s are not a panacea or replacement of sound overall tree health management but should be viewed as an additional tool in the arborist’s toolbox.



Lastly, this study illustrates the challenges and pitfalls of physiology research in street tree populations. In addition to variable soils and other environmental conditions, management of the trees varied. All trees were in or near an active downtown business zone with retail shops, restaurants and other businesses. Some study trees were mulched and tended by adjacent businesses and, in some cases, occasionally watered. “By-stander interference” is not unheard of in street tree studies. Watson and Himelick [8] reported over one-third of trees in study of pin oak chlorosis were treated by residents even though the residents had agreed previously not to treat the trees. In the current study, four Callery pear trees were removed during the trial for utility construction. These challenges should not preclude study of urban trees but point out the need for increased replication, robust experimental designs, and good cooperation and communication with community partners.




5. Conclusions


A growing body of literature has demonstrated that paclobutrazol application can result in a range of morpho-physiological responses that may mitigate impacts of stresses on trees in urban areas. In this trial, the paclobutrazol application consistently increased foliar SPAD index and, in some instances, increased photosynthetic rates and leaf water potential, suggesting that pacolbutrazolmay be useful as part of an overall management program for urban trees.
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Figure 1. Location of field plots in Downtown and Old Town Lansing, MI, USA. 
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Figure 2. Mean SPAD chlorophyll index of honeylocust and Callery pear street trees in Lansing, MI, USA in 2014 (A) and 2015 (B). Trees were treated with paclobutrazol in 2013 or not treated (control). Error bars indicate standard error of the mean. Means within a species and year with the same letter are not different at p = 0.05. 
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Figure 3. Mean midday leaf water potential (Ψw) of honeylocust and Callery pear trees at two locations in Lansing, MI USA in 2014 and 2015. Trees were treated with paclobutrazol in 2013 (paclobutrazol) or not treated (control). Error bars indicate standard error of the mean. 
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Figure 4. Mean leaf size of leaves of Callery pear (top) and honeylocust (bottom) trees in Lansing, MI USA in 2014 and 2015. Trees were treated with paclobutrazol in 2013 (paclobutrazol) or not treated (control). Error bars indicate standard error of the mean. Means within a species and year indicated by the same letter are not different at p = 0.05. 
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Table 1. Mean dbh (diameter at breast height) and tree heights (±std. err.) and sample size for honeylocust and Callery pear trees at two locations in Lansing, MI USA.
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Downtown

	
Old Town




	
Species

	
n

	
Dbh (cm)

	
Height (m)

	
n

	
Dbh (cm)

	
Height (m)






	
Honeylocust

	
10

	
26.5 ± 3.3

	
7.84 ± 0.19

	
14

	
37.9 ± 1.5

	
13.01 ± 0.38




	
Callery pear

	
48

	
12.3 ± 0.5

	
5.70 ± 0.18

	
14

	
22.7 ± 1.8

	
9.04 ± 0.57
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Table 2. Maximum daily temperature, total solar radiation and rainfall one week prior to leaf water potential measurements for street trees in Lansing, MI, USA in 2014 and 2015.
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	Location
	Date
	Maximum

Daily

Temperature

(°C)
	Total

Solar

Radiation

(MJ)
	Rainfall

7 days

Prior

(mm)





	Downtown
	9 July 2014
	22.9
	19.7
	36.8



	
	6 Aug 2014
	25.9
	20.1
	30.0



	
	9 Sept 2014
	25.3
	16.2
	15.2



	
	28 May 2015
	26.6
	25.6
	13.5



	
	24 June 2015
	25.7
	25.3
	55.6



	
	6 July 2015
	28.1
	22.4
	5.8



	
	6 Aug 2015
	24.9
	19.2
	18.5



	
	1 Sept 2015
	30.4
	17.4
	3.6



	Old Town
	10 Jul 2014
	24.5
	22.5
	36.8



	
	8 Aug 2014
	25.1
	19.2
	29.0



	
	29 Sept 2014
	25.0
	15.0
	0.0



	
	9 June 2015
	24.7
	22.4
	9.4



	
	8 July 2015
	18.8
	14.2
	24.9



	
	12 Aug 2015
	25.3
	22.0
	60.2



	
	10 Sept 2015
	24.2
	16.9
	68.3







Note: Source: Michigan State University Enviroweather automated station at Hancock Turf Research Center, Approx. 7 km from study sites. https://enviroweather.msu.edu/.
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Table 3. Mean (std. err.) midday net photosynthesis and stomatal conductance of Callery pear trees in downtown Lansing, Michigan USA, on four dates in 2014 and 2015. Trees were treated with paclobutrazol (PBZ) in 2013 or not treated (control).
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Net Photosynthesis (μmol m−2 s−1)

	
Stomatal Conductance

(mmol m−2 s−1)




	
Date

	
PBZ

	
Control

	
PBZ

	
Control






	
9 Jul 2014

	
17.4a (0.6)

	
14.9b (0.7)

	
279.5a (11.1)

	
217.3b (16.2)




	
6 Aug 2014

	
12.8a (0.8)

	
11.5a (0.6)

	
235.6a (24.2)

	
215.7a (17.8)




	
6 Aug 2015

	
7.1a (0.6)

	
7.1a (0.4)

	
124.2a (13.4)

	
127.4a (11.5)




	
1 Sept 2015

	
9.4a (0.7)

	
8.4a (0.5)

	
213.1a (18.9)

	
185.7a (13.7)








Note: means within row for a given variable followed by the same letter are not different at p = 0.05 (n = 19).
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