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Abstract: The assessment of mature urban tree vitality using physiological measurements is still in
its infancy. Chlorophyll fluorescence is a method for assessing tree vitality that has potential for
use in urban environments, particularly on trunk bark, which is easy to access from the ground.
Here we describe how we compared bark and leaf fluorescence in a variety of street and park
trees (Ficus macrophylla Pers., Platanus × acerifolia (Aiton) Willd., and Ulmus parvifolia Jacq.) with
pre-dawn water potential as a way of determining the cause of potential physiological stress in the
summer of 2012. Statistical relationships were observed between bark chlorophyll fluorescence and
pre-dawn water potential in Ficus macrophylla and Platanus × acerifolia, but were not as consistent in
Ulmus parvifolia. In addition, bark and leaf chlorophyll fluorescence were compared with an urban
visual vitality index both in autumn 2011 and summer 2012. In this case statistical relationships
between bark chlorophyll fluorescence values and urban tree visual vitality were almost non-existent
in the Ficus macrophylla and Platanus × acerifolia trees, however, statistical relationships were
significant between bark chlorophyll fluorescence and the urban tree vitality index in Ulmus parvifolia.
Bark chlorophyll fluorescence may become a useful tool for measuring physiological stress in trees,
but further work needs to be undertaken to clarify and better understand the varying responses of
different tree species.
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1. Introduction

Healthy trees offer a broad set of benefits to the urban environment [1]. However, urban trees
can be affected by many environmental stresses commonly found in cities such as limited sunlight,
poor soil fertility, soil compaction, and limited water availability, in addition to problems that may also
affect forest trees, such as pests and biotic diseases [2,3]. Depending on the persistence and intensity
of these stressors, tree growth, health, and ultimately life span can be reduced [3]. When changes in
environmental conditions exceed the limit of tolerance, the structure and function of the plant cells
and organs may be damaged, affecting their capacity to maintain and preserve their vital functions [4].
In order to deliver these benefits, urban trees not only have to maintain their health or vigor by resisting
prevailing environmental conditions, but they also need to display significant vitality. Shigo [5] defined
vitality as the ability to grow under existing conditions, as differentiated from tree vigor, which is the
genetic capacity of trees to resist strain. As Johnstone et al. [6] stated, “tree vitality can be defined
with reference to the stress to which a plant has been exposed; low vitality trees will not respond to
treatments designed to ameliorate physiological stress, due perhaps to extremely low or depleted
carbohydrate reserves, whereas high vitality trees will respond positively to treatment”.

However, tree vitality is a theoretical concept that cannot be directly measured, which is why
it has been commonly described using tree health indicators [3]. Measurements of the starch and
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glucose contents of trees, cambial electrical resistance at breast height, chlorophyll content of leaves,
and leaf gas exchange are some examples of physiological tests used to estimate plant vitality [6].
Measuring leaf water potential (Ψw) is the most common parameter used to assess the water status of
plants. When a plant is dehydrated, its water potential decreases [7]. Leaf, and sometimes stem, water
potentials are measured in a pressure chamber. The pressure is increased around a leaf until xylem sap
appears at the end of the shoot where the cut end is exposed to atmospheric pressure [8]. The pressure
exerted in order for the xylem sap to come out of the stem represents the negative pressure existing in
the intact stem [8]. It is believed that the amount of pressure required to force water out of leaf cells
into xylem is a function of the water potential of leaf cells [8]. Pre-dawn water potentials measure the
minimum level of stress that a plant is experiencing, while midday levels indicate the maximum level
of water stress [9].

Since all the raw materials and energy necessary to obtain optimal wood formation are primarily
obtained from the reduction of carbon dioxide, photosynthesis is also an essential physiological
process in tree growth [10]. Chlorophyll fluorescence measurement is therefore another an important
physiological tool, which has been used to detect and quantify plant responses to stress by giving
information of the efficiency of the leaf photosynthetic system [11–13]. However aside from a few
studies, the most common way of measuring chlorophyll fluorescence continues to be via the leaves,
which can be difficult to access.

The energy lost by chlorophyll fluorescence is considered an indicator of a less efficient photosynthetic
capacity of plants, which can ultimately affect the health of trees [14]. Fluorometric techniques have come
into use during the last two decades to study photosynthetic processes, and have been recently applied to
numerous studies in plant stress physiology, agriculture, forestry, and horticulture [15]. According to these
authors, the introduction of portable and user-friendly fluorometers has been one the main drivers behind
the increasing use of this technique to measure plant physiology in the field.

Fluorescence is usually measured on leaves over a 1-s time period after darkening the leaf and
occurs as a result of photosystem II (PS II), which is the first part of the light-dependent reactions of
photosynthesis [10]. The resultant graph of fluorescence over time is log-transformed, resulting in a
“polyphasic fluorescence transient” moving through various stages, usually labelled O, J, I, and P at
various time intervals within the 1-s time period [12]. For example, the O-step (F0 or fluorescence at
origin) is usually measured at around 50 µs, the J-step (FJ) at 2 ms, the I-step (FI) at 30 ms, and the P-step
(FP, FM) at maximum [16]. The O–J phase is believed to represent the reduction of the QA molecule
from QA to QA- within PSII [2,16,17]. The J–I may be fluorescence from the abaxial layer of the sample
in some plants, such as Ficus species [17], or both the J–I and I–P phases could reflect the existence
of fast and slow reducing plastoquinone centers [2]. P or FM occurs when all the plastoquinone QA

electron carrier molecules are in their reduced state [2,18].
The most commonly derived parameter used in chlorophyll fluorescence measurement is FV/FM,

where FV is the difference between the maximum (FM) and minimum (F0) fluorescence [15]. FV/FM is a
measure of the quantum efficiency of PSII if all the PSII reaction centers are open [15]. Ideal FV/FM values
for non-stressed plants are said to be between 0.78 and 0.85, with an optimal value of around 0.83 for most
plants, although this may not be the case with all Eucalyptus species. [12,15,19]. (1 − VJ)/VJ is another
fluorescence parameter derived from the raw data. (1− VJ)/VJ represents the ratio of variable fluorescence
at the J-step (VJ = (FJ − F0)/(FM − F0)) [16].

The “energy flux theory” from Strasser et al. [20] also allows for the derivation of further fluorescence
parameters from the chlorophyll fluorescence transient. These are either phenomenological energy fluxes
(per excited cross-section), specific energy fluxes (per QA reducing PSII reaction center) or flux (yield)
ratios [16]. An example of a specific energy flux parameter is the absorption flux per reaction center or
RC/ABS. RC/ABS = M0 (1/VJ) (1/ϕPo), where M0 ≡ 4(FI − F0)/(FM − F0) approximates the initial slope
of the fluorescence transient; ABS = photon flux absorbed by the antenna pigments; and ϕPo≡ TR0/ABS
= [1− (F0/FM)] = maximum quantum yield of primary photochemistry at t = 0 [16].
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The PI or the performance index, the “driving force” of photosynthesis, is also sometimes used as a
measure for assessing plant vitality via chlorophyll fluorescence [21–23]. The PI has three components:
(i) one relates to the density of PSII reaction centers per excited cross-section of samples (ABS/CS or F0),
(ii) the second component relates to the performance of the light reactions {TR0/CS or 1 − (FV/F0)F0},
and (iii) the third component relates to the dark Red-Ox reactions {ET0/CS or [1 − (F0 − FM)](1
− VJ)F0} [16,21]. The PI in the current study (PICS) = (ABS/CS)(TR0/CS)(ET0/CS) = performance
index on cross-section basis at t = 0 where CS = excited cross-section, TR0 = trapped energy flux,
and ET0 = electron transport flux [16,24]. Apparent rates of photosynthetic electron transport (ETR),
non-photochemical quenching (NPQ), and a number of other parameters can be also be derived from
the fluorescence kinetic [25].

In an early study conducted by Melcarek and Brown [26], measurements of fluorescence transients
performed on leaves of Robinia pseudoacacia L. and Ficus elastica Roxb. trees were sensitive to decreased
temperature. Using FV/FM, Adams et al. [27] determined that photosynthetic capacity in leaves of
Platanus occidentalis L. remained at a high level during the natural course of autumnal senescence.
Drought stress effects on willow leaves (Salix L. sp.) were also measured by Ögren [28] but there was
no correlation between FV/FM and water potential measurements. Similar results were obtained in a
study conducted by Epron and Dreyer [29], where FV/FM measured on the leaves of a 30-year-old
stand of Quercus robur L. and Qercus petraea (Matt.) Liebl. remained constant during imposed drought
treatments. The effect of urban stress factors on the leaf chlorophyll fluorescence of Platanus acerifolia
L. trees was measured by Hermans et al. [30], and a high correlation between aerial morphological
observations and PIABS estimations was found. Performance index (PI) values calculated on leaves
of Fagus sylvatica L., Fraxinus excelsior L., Abies alba Mill., Picea abies (L.) H.Karst., and Prunus serotina
Ehrh. from different provenances showed a variety of responses under different wind conditions
and between seasons [31]. Percival et al. [32] used FV/FM, CO2 fixation and chlorophyll content to
identify differences in drought tolerance within the Fraxinus L. genus. The effect of a saline stress
on mangrove seedlings growth (Rhizophora mangle L.) were estimated using the FV/FM ratio and
stomatal conductance measurements by Biber [33]. Rasineni, Guha, and Reddy [34] used OJIP-test
parameters to study the effects of high atmospheric CO2 concentrations on the photosynthesis capacity
of Gmelina arborea Roxb.

In addition to physiological measurements, visual assessment estimations have also been applied
to determine vitality in trees. Among these, the ground-based visual assessment of crown condition
(e.g., crown defoliation, epicormic growth, crown depth and size, leaf condition, and foliage density)
has been the most commonly used tool to assess tree vitality [35]. Many studies have highlighted
the use of crown assessment techniques as a reliable indicator of vitality in forest stands [1,35–38].
A crown assessment or urban visual vitality index used by Callow et al. [39] was modified from
Johnstone et al. [12] which was derived from Martin et al. [38], who combined crown assessment
methods from both Grimes [37] and Lindenmayer et al. [40]. Grimes’ [37] method incorporates a
score for crown position in relation to other trees, crown size, crown density, the number of dead
branches, and epicormic growth. This author found that each of five variables contributed significantly
to a prediction equation for diameter at breast height, but for better results each factor should be
weighted differently. For example, epicormic growth should be weighted on a three-point scale and
crown density on a nine-point scale. Lindenmayer et al. [40] assessed hollows in trees and thus
included a dead tree classification. Visual assessment or condition/vigor “indices” use a wide range of
parameters—with some individual components that are not independent of each other. Those with
fewer individual parameters seem to more accurately reflect growth measurements such as stem
diameter or tree height.

Cunningham et al. [36] maintained that few attempts have been made to relate commonly
used visual assessments of tree vitality to more accurate physiological measurements of tree health.
However, visual injury observations were found to be highly correlated with lower values of
performance index (PI) in the ozone-exposed leaves of Fagus sylvatica L. trees [41]. Using correlation
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analysis, Rossini et al. [42] compared several chlorophyll fluorescence parameters (F0, FM, FV/FM,
and PI) with visual discoloration indices obtained from 10 stands of Quercus robur L. trees. Only the
PI value correlated with visual discoloration in this study [42]. Martínez-Trinidad [43] used leaf
chlorophyll fluorescence FV/FM to determine the vitality of live oaks (Quercus virginiana Mill.) in an
urban forest, and found an inverse correlation between this parameter and different categories of
visual vitality. Johnstone et al. [12] found a positive correlation between leaf chlorophyll fluorescence
(FV/FM) and visual vitality in Eucalyptus saligna Sm., but only during a period of immediate stress
(summer). Autumn and spring measurements did not show a correlation between leaf FV/FM and
visual vitality [12].

Despite the advantages of chlorophyll fluorescence as a measure of tree vitality, there are
some disadvantages. For example, it is sometimes difficult and time-consuming to access the
upper canopy of tall trees to sample leaves. Several studies also found that some leaf chlorophyll
fluorescence parameters such as FV/FM are not very responsive to stress conditions [44–46]. Many trees
have plant parts other than leaves that can photosynthesize. Examples of plant parts that may
contain the chlorenchyma that enable photosynthesis are stems, trunks, green flowers and fruit,
and sometimes even wood [47]. Bark photosynthesis measurements have been used to measure
the overall participation of corticular photosynthesis in the fixation of carbon in trees [47–49].
In addition, corticular photosynthesis may also prevent oxygen deficiencies in rapidly dividing
woody tissues [50]. The transpirational xylem stream supplies nutrients to stem chlorenchyma, while
the CO2 from mitochondrial respiration and gaseous xylem efflux is utilized for photosynthetic
processes [51]. Tausz et al. [52] determined that bark on the sun-exposed side of Eucalyptus nitens
can experience photoinhibition, measuring variations between diurnal and nocturnal FV/FM

measurements. Wittmann and Pfanz [53] found that FV/FM values calculated in 1–2-year-old stems of
Fagus sylvatica L. and Betula pendula Roth showed slow responses to moderate changes in temperature,
but drastically decreased at freezing temperatures (<5 ◦C). In a study conducted by Johnstone et al. [12],
bark and leaf FV/FM ratio and OJIP steps measured in a Eucalyptus saligna Sm. plantation were
compared and correlated with visual vitality indices over three seasons. The results of this study
showed important evidence of a relationship between bark chlorophyll fluorescence FV/FM and the
visual assessment of vitality. Additional work by the same authors indicated a relationship between
wood decay and bark fluorescence [54].

Comparing this arsenal of tools for the assessment of physiological stress in mature urban
Ficus macrophylla, Platanus × acerifolia, and Ulmus parvifolia trees, we here report how we tested the
following hypotheses:

1. There is a relationship between pre-dawn water potential and leaf chlorophyll fluorescence;
2. There is a relationship between crown condition (the visual vitality index) and leaf

chlorophyll fluorescence;
3. There is a relationship between the visual vitality index and chlorophyll fluorescence measured

in the bark of the trunk;
4. There is a relationship between pre-dawn water potential and chlorophyll fluorescence measured

in the bark of the trunk.

We took chlorophyll fluorescence measurements of leaves and bark during summer and
investigated the relationship of these factors with pre-dawn water potentials. We also took chlorophyll
fluorescence measurements of leaves and bark over two seasons and investigated the relationship of
these with a visual vitality index.

2. Materials and Methods

This study used Ficus macrophylla Pers. (park trees planted in an avenue) and street tree plantations
of Platanus × acerifolia (Aiton) Willd. and Ulmus parvifolia Jacq. in the city of Melbourne, Australia
(144◦58′0′ ′ S; 37◦49′ E). The Ficus macrophylla and Platanus × acerifolia were approximately 20–25 m and
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the Ulmus parvifolia were slightly smaller trees at around 15 m, but all trees were mature specimens.
In this investigation bark and leaf chlorophyll fluorescence measurements were compared to pre-dawn
water potential measurements in summer (January 2012). Bark and leaf chlorophyll fluorescence
measurements were compared with an urban visual vitality index in autumn (March 2011) and
summer (January 2012). Pre-dawn water potentials were also compared with the urban visual vitality
index in summer (January 2012). Forty trees of each species were chosen for the study as that number
has been proven to provide successful correlations between bark chlorophyll fluorescence and visual
vitality in a study of trees in a rural plantation [12].

2.1. Pre-Dawn Water Potential

Leaf water potential was measured by harvesting five leaves from within the upper half of the
crown of each tree. As the Platanus × acerifolia and Ficus macrophylla trees were tall, leaves were
harvested with a hydraulic lift tower in the morning—between 6 a.m. and 7 a.m., depending on
the season—prior to direct sunlight reaching the canopy. Leaves from the smaller Ulmus parvifolia
trees were harvested using a pole pruner, also between 6 a.m. and 7 a.m. depending on the season.
Water potential measurements were taken in a PMS Model 1000 pressure chamber (PMS instrument
company, Albany, OR, USA), within 20 min of leaf harvesting. Leaf water potential was measured
using the protocol first described by Scholander [55].

2.2. Leaf Chlorophyll Fluorescence Measurements

Leaf chlorophyll fluorescence was measured on fully exposed sun leaves from upper branches on
the trees with a Hansatech Handy Plant Efficiency Analyzer (Handy PEA, Hansatech Instruments,
King’s Lynn, Norfolk, UK). As the Platanus × acerifolia and Ficus macrophylla trees were tall (20–25 m),
branches approximately 5 mm in diameter were harvested with a hydraulic lift tower in the morning,
between 6 a.m. and 8 a.m. depending on the season. Leaves from the smaller Ulmus parvifolia trees
(approximately 15 m) were harvested using a pole pruner, also between 6 a.m. and 8 a.m. depending
on the season. A saturating flash of red light onto the leaf after the period of darkness induced
a time-dependent fluorescence kinetic known as the Kautsky effect on the leaf chlorophyll [56,57].
Ten leaves from each tree were dark-acclimated for 30 min with leaf clips in the autumn 2011 season.
Both dark acclimation and the duration of darkening sensitivity were measured for all three tree
species for the summer dataset in 2012, according to protocols described in the Handy PEA manual [24].
The duration of darkening for all three tree species in leaf chlorophyll fluorescence was measured to be
30 min. The peak wavelength of the saturating pulse of the Handy PEA was 650 nm [24]. The saturated
light level of the instrument was set at 1500 µmol m−2 s−1, with the signal gain at ×1.0 for the autumn
2011 season. After the sensitivity of bark and leaf chlorophyll to light intensity was assessed for
the summer 2012 season, the Platanus × acerifolia leaf tissues were measured at 2000 µmol m−2 s−1,
Ficus macrophylla at 2500 µmol m−2 s−1, and Ulmus parvifolia at 3000 µmol m−2 s−1. For all trees,
the signal gain was set at ×1.0. All trees were tested within 2–3 h of being harvested, as recommended
by Epron and Dreyer [29].

Bark chlorophyll fluorescence testing was done in a 350-mm strip in cross-section at the north
(most sun-exposed) half of the trunk, with individual measurement points 35 mm apart, as described
in Johnstone et al. [12]. Ten tests were conducted on each tree after being dark-acclimated for 30 min
in the autumn 2011 season. Both dark acclimation and the duration of darkening sensitivity were
measured for all three tree species for the summer dataset in 2012, according to protocols described
in the manual [24]. Bark chlorophyll fluorescence testing was conducted between 6 a.m. and 8 a.m.
in summer and autumn. A flash of red light onto the bark again induced the time-dependent
fluorescence kinetic known as the Kautsky effect on the bark chlorenchymes [56,57]. The saturated
light level of the instrument was set at 1500 µmol m−2 s−1, with the signal gain at ×1.0 for the
autumn 2011 season. After the sensitivity of bark chlorophyll to light intensity was assessed for the
summer 2012 season, the Platanus × acerifolia bark tissues were measured at 2000 µmol m−2 s−1,
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Ficus macrophylla, at 3500 µmol m−2 s−1, and Ulmus parvifolia at 3000 µmol m−2 s−1. For all trees,
the signal gain was set at ×1.0. Measuring bark fluorescence as a method for assessing tree vitality
was found by Johnstone et al. [12] to be promising in Eucalyptus saligna. However, one of the possible
drawbacks of the measurement was that chlorophyll fluorescence may not reach the true “maximum”.
Therefore, bark fluorescence in summer was measured over a 1-s period, as it is normally with leaves,
but an additional measurement was taken over a 2-s time period to attempt to capture the true
“maximum”. In every other respect the 1-s measurements were identical to the 2-s measurements.

The bark was not damaged or removed in any way. Areas of bark damaged, decorticating, or recently
exposed were excluded from testing. No lichen or algae were observed to be present. The height at which
trees were measured was variable, as it was necessary to measure above or below rough or damaged bark.

The chlorophyll fluorescence data were averaged from each tree in each tissue (bark and leaf) and in
each season. The FV/FM ratio was calculated from the raw chlorophyll fluorescence data in summer and
autumn. There are also many other derived parameters that can be calculated from significant points in the
1- or 2-s time period as chlorophyll fluorescence data is collected from chlorenchyma tissue. Some of these
include PI (PICS), RC/ABS, Fv/F0, and (1 − VJ)/VJ. The PI value was calculated for both autumn and
summer while RC/ABS, Fv/F0, and (1− VJ)/VJ were calculated for the summer data collection period.

2.3. Urban Tree Visual Vitality Index

The urban tree visual vitality index is a method created by Callow et al. [39] based originally on a
method for assessing mature forest trees by Grimes [37] and a method for assessing dead and dying
trees by Lindenmayer et al. [40]. Grimes’ [37] method was further developed by Martin et al. [38]
and Johnstone et al. [12] and finally refined by Callow et al. [39]. The method incorporates three
individual scores for (1) crown size, (2) crown density, and (3) crown epicormic growth (Figure 1; [39]).
Each attribute can be assigned any number within the appropriate range, whether described directly
in the diagram or not. As with the method used by Martin et al. [38], scores were totaled to give an
estimate of the urban tree visual vitality of the tree and scores have a nominal range between 1 and 17.
Trees with values at or below 10 have very low visual vitality.
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Summer data were compared with pre-dawn water potential measurements, which were collected
in January 2012. The urban tree visual vitality index was assessed in the trees in autumn (March 2011)
and summer (January 2012).

2.4. Statistical Analysis of Data

A comparison was made between summer chlorophyll fluorescence data and summer pre-dawn
water potentials using simple linear regression analysis. Also, a comparison was made between
autumn and summer chlorophyll fluorescence data and the autumn and summer urban tree visual
vitality index using simple linear regression analysis. Linear regression analyses were calculated using
the software package SAS (Statistical Analysis System) version 9.2 (SAS Institute Inc, Cary, NC, USA).

For the summer data where FV/FM was less than 0.6 or where PI was negative, the data were deleted
to ensure that readings were not taken in locally damaged bark or leaf tissue. Outlying values greater than
two standard deviations from the next lowest result were also removed from the summer data.

3. Results

3.1. Leaf Chlorophyll Fluorescence and Leaf Water Potentials

There were no statistically significant relationships between leaf chlorophyll fluorescence
parameters and pre-dawn water potentials in either Ficus macrophylla or Plantanus × acerifolia (Table 1).
There was a statistically significant relationship between leaf chlorophyll fluorescence and pre-dawn
water potentials in Ulmus parvifolia in the F0 parameter and in summer only (Table 1).

Table 1. Summarized results from simple linear regression analyses comparing summer leaf fluorescence
with pre-dawn water potentials in Ficus macrophylla, Platanus× acerifolia, and Ulmus parvifolia.

Comparisons
Ficus macrophylla Platanus × acerifolia Ulmus parvifolia

n p r2 n p r2 n p r2

Summer PDWP vs. leaf F0 39 0.162 0.052 40 0.267 0.032 39 0.005 a 0.192
Summer PDWP vs. leaf FV/FM 40 0.569 0.009 40 0.642 0.006 40 0.756 0.003

Summer PDWP vs. leaf RC/ABS 40 0.486 0.013 40 0.573 0.008 40 0.782 0.002
Summer PDWP vs. leaf FV/F0 40 0.793 0.002 40 0.780 0.002 40 0.616 0.007

Summer PDWP vs. leaf (1 − VJ)/VJ 40 0.619 0.007 40 0.413 0.018 40 0.884 0.001
Summer PDWP vs. leaf PI 40 0.686 0.005 40 0.573 0.008 40 0.926 0.001

a statistical relationship is significant and positive; n = number of samples; p = probability for the t-test that the
coefficient of the independent variable is equal to zero; r2 = variation in the dependent variable that can be explained
by fluorescence data.

3.2. Leaf Chlorophyll Fluorescence and the Urban Visual Vitality Index

There were no statistically significant relationships between autumn leaf chlorophyll fluorescence
data and the urban tree visual vitality index in Ficus macrophylla (Table 2). Relationships between some
chlorophyll fluorescence parameters and the urban tree visual vitality index in Ficus macrophylla were
present in summer only in the (1 − Vj)/Vj and PI parameters (Table 2). Platanus × acerifolia displayed
significant relationships with the urban tree visual vitality index in autumn, particularly for the F0

value (Table 2). The most consistent relationships for leaf chlorophyll fluorescence parameters and
the urban tree visual vitality index were in Ulmus parvifolia, in both autumn and summer (Table 2 and
Figure 2).
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Table 2. Summarized results from simple linear regression analyses comparing autumn and summer
leaf fluorescence with autumn and summer urban tree visual vitality index in Ficus macrophylla, Platanus
× acerifolia, and Ulmus parvifolia.

Comparisons
Ficus macrophylla Platanus × acerifolia Ulmus parvifolia

n p r2 n p r2 n p r2

Autumn UVVI vs. leaf F0 40 0.654 0.005 40 0.002 a 0.235 40 <0.000 a 0.296
Autumn UVVI vs. leaf FV/FM 40 0.7669 0.002 40 0.487 0.013 40 0.006 a 0.181

Autumn UVVI vs. leaf PI 40 0.867 0.001 40 0.007 b 0.117 40 <0.000 a 0.310
Summer UVVI vs. leaf F0 38 0.094 0.076 40 0.814 0.002 39 <0.000 a 0.436

Summer UVVI vs. leaf FV/FM 39 0.084 0.079 40 0.062 0.089 40 0.064 0.088
Summer UVVI vs. leaf RC/ABS 39 0.051 0.099 40 0.163 0.051 40 <0.000 a 0.435

Summer UVVI vs. leaf FV/F0 39 0.063 0.090 40 0.101 0.069 40 0.098 0.070
Summer UVVI vs. leaf (1 − VJ)/VJ 39 0.038 a 0.116 40 0.103 0.069 40 <0.000 a 0.420

Summer UVVI vs. leaf PI 39 0.030 a 0.122 40 0.217 0.040 40 0.000 a 0.322
a statistical relationship is significant and positive; b statistical relationship is significant and negative; n = number of
samples; p = probability for the t-test that the coefficient of the independent variable is equal to zero; r2 = variation
in the dependent variable that can be explained by fluorescence data.
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Figure 2. (a) Summer urban tree visual vitality index versus summer leaf RC/ABS in Ulmus parvifolia.
Trend line = linear regression, p < 0.000, r2 = 0.435, n = 40. (b) Summer urban tree visual vitality index
versus summer leaf (1 − Vj)/Vj in Ulmus parvifolia. Trend line = linear regression, p < 0.000, r2 = 0.420,
n = 40.

3.3. Bark Fluorescence and the Urban Visual Vitality Index

There was no statistically significant and positive relationship in autumn or summer between
bark chlorophyll fluorescence data and the urban tree visual vitality index in Ficus macrophylla (Table 3).
There was also no statistically significant relationship between bark chlorophyll fluorescence data and
the urban visual vitality index in Platanus × acerifolia in autumn (Table 3). However, in summer there
was a statistically significant and negative relationship between bark FV/FM and the urban tree visual
vitality index in Platanus × acerifolia when there was a 2-s light exposure. As for the leaf data, the most
consistent statistically significant relationships for bark chlorophyll fluorescence parameters and the
urban tree visual vitality index were in Ulmus parvifolia in both autumn and summer (Table 3 and
Figure 3).
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Table 3. Summarized results from simple linear regression analyses comparing autumn and summer
bark fluorescence with autumn and summer urban tree visual vitality index. Linear regressions using
the 95% confidence interval.

Comparisons
Ficus macrophylla Platanus × acerifolia Ulmus parvifolia

n p r2 n p r2 n p r2

Autumn UVVI vs. bark F0 40 0.518 0.011 40 0.572 0.008 40 0.976 <0.001
Autumn UVVI vs. bark FV/FM 40 0.512 0.011 40 0.518 0.011 40 0.590 0.008

Autumn UVVI vs. bark PI 40 0.431 0.016 40 0.257 0.034 40 0.003 a 0.204
Summer UVVI vs. bark F0 (1) 29 0.836 0.002 40 0.701 0.004 32 0.573 0.011

Summer UVVI vs. bark FV/FM (1) 29 0.420 0.024 40 0.989 0.000 32 0.007 a 0.221
Summer UVVI vs. bark RC/ABS (1) 29 0.386 0.028 40 0.385 0.020 32 0.019 a 0.170

Summer UVVI vs. bark FV/F0 (1) 29 0.530 0.015 40 0.972 0.000 32 0.004 a 0.251
Summer UVVI vs. bark (1 − VJ)/VJ (1) 29 0.063 0.121 40 0.667 0.005 32 0.016 a 0.178

Summer UVVI vs. bark PI (1) 29 0.159 0.072 40 0.382 0.020 31 0.001 a 0.314
Summer UVVI vs. bark F0 (2) 28 0.647 0.008 39 0.665 0.005 32 0.367 0.027

Summer UVVI vs. bark FV/FM (2) 28 0.057 0.132 39 0.038 b 0.112 32 0.030 a 0.148
Summer UVVI vs. bark RC/ABS (2) 28 0.551 0.014 39 0.921 0.000 32 0.285 0.038

Summer UVVI vs. bark FV/F0 (2) 28 0.055 0.134 39 0.378 0.021 32 0.007 a 0.220
Summer UVVI vs. bark (1 − VJ)/VJ (2) 28 0.306 0.040 39 0.178 0.049 32 0.048 a 0.125

Summer UVVI vs. bark PI (2) 28 0.186 0.066 39 0.976 0.000 31 0.073 0.103
a Statistical relationship is significant and positive; b Statistical relationship is significant and negative; (1), 1-s
light exposure; (2), 2-s light exposure; n = number of samples; p = probability for the t-test that the coefficient
of the independent variable is equal to zero; r2 = variation in the dependent variable that can be explained by
fluorescence data.
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Figure 3. (a) Summer urban tree visual vitality index versus summer bark PI in Ulmus parvifolia.
Trend line = linear regression, p = 0.001, r2 = 0.314, n = 31. (b) Summer urban tree visual vitality index
versus summer bark RC/ABS in Ficus macrophylla. p = 0.386, r2 = 0.028, n = 29.

3.4. Bark Fluorescence and Pre-Dawn Water Potentials

There was a statistically significant and positive relationship between bark chlorophyll
fluorescence and pre-dawn water potentials in Ficus macrophylla, particularly in the (1 − Vj)/Vj
and the PI parameters (Table 4; Figure 4). There was a statistically significant and negative relationship
between some bark chlorophyll fluorescence parameters and pre-dawn water potentials in Platanus
× acerifolia (Table 4). In Ulmus parvifolia there was a statistically significant and positive relationship
between bark FV/FM and pre-dawn water potentials when there was a 2-s light exposure (Table 4).
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Table 4. Summarized results from simple linear regression analyses comparing summer bark
fluorescence with pre-dawn water potentials. Linear regressions using the 95% confidence interval.

Comparisons
Ficus macrophylla Platanus × acerifolia Ulmus parvifolia

n p r2 n p r2 n p r2

Summer PDWP vs. bark F0 (1) 29 0.079 0.110 40 0.893 0.000 32 0.945 0.000
Summer PDWP vs. bark FV/FM (1) 29 0.460 0.020 40 0.954 0.000 32 0.156 0.066

Summer PDWP vs. bark RC/ABS (1) 29 0.045 a 0.141 40 0.359 0.022 32 0.240 0.046
Summer PDWP vs. bark FV/F0 (1) 29 0.398 0.027 40 0.447 0.015 32 0.178 0.060

Summer PDWP vs. bark (1 − VJ)/VJ (1) 29 0.001 a 0.325 40 0.627 0.006 32 0.986 0.000
Summer PDWP vs. bark PI (1) 29 0.007 a 0.238 40 0.605 0.007 32 0.345 0.031
Summer PDWP vs. bark F0 (2) 29 0.207 0.058 39 0.945 0.000 32 0.979 0.000

Summer PDWP vs. bark FV/FM (2) 29 0.515 0.016 39 0.048 b 0.101 32 0.046 a 0.127
Summer PDWP vs. bark RC/ABS (2) 29 0.538 0.014 39 0.080 0.081 32 0.758 0.003

Summer PDWP vs. bark FV/F0 (2) 29 0.476 0.019 39 0.038 b 0.112 32 0.059 0.114
Summer PDWP vs. bark (1 − VJ)/VJ (2) 29 0.066 0.120 39 0.046 b 0.104 32 0.921 0.000

Summer PDWP vs. bark PI (2) 29 0.254 0.048 39 0.066 0.089 32 0.362 0.028
a statistical relationship is significant and positive; b statistical relationship is significant and negative; (1), 1-s
light exposure; (2), 2-s light exposure; n = number of samples; p = probability for the t-test that the coefficient
of the independent variable is equal to zero; r2 = variation in the dependent variable that can be explained by
fluorescence data.
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Figure 4. Summer pre-dawn water potential versus summer bark (1 − Vj)/Vj in Ficus macrophylla.
Trend line = linear regression, p = 0.001, r2 = 0.325, n = 29.

3.5. Urban Visual Vitality Index and Pre-Dawn Water Potential

There was no statistically significant relationship between the urban visual vitality index and
pre-dawn water potential in Ficus macrophylla and Ulmus parvifolia. However, there was a statistically
significant and negative relationship between visual vitality and pre-dawn water potential in Platanus
× acerifolia (Figure 5; n = 40, p = 0.001, r2 = 0.240). Values for pre-dawn water potential were not
measured in autumn.
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Figure 5. Summer pre-dawn water potential versus urban visual vitality index in Platanus × acerifolia.
Trend line = linear regression, p = 0.001, r2 = 0.240, n = 40.

4. Discussion

The assessment of tree vitality is a crucial activity that urban tree managers must regularly
perform in order to develop effective plans to maintain mature trees. Compared with the visual
examination of crown condition, the use of chlorophyll fluorescence measurements could help urban
foresters to obtain a more accurate estimation of vitality, mainly by giving information on how the
process of photosynthesis is affected by urban environmental stresses [46,58]. In this study, leaf and
bark chlorophyll fluorescence measurements and pre-dawn water potentials were collected from
mature specimens of three common tree species planted in Melbourne, and then compared with
the visual vitality index to determine the reliability of this technique to predict mature tree vitality.
Comparisons using leaf chlorophyll fluorescence measurements are discussed initially and then the
discussion moves to bark chlorophyll fluorescence measurements.

The relationships between leaf chlorophyll florescence and water potential were only measured
in one season (summer) and they were not consistent between species (Table 1). The average pre-dawn
water potential for Platanus × acerifolia in this study was −0.9 MPa. The turgor loss point in Platanus
orientalis L. was found to be −2.2 MPa in a previous study (in summer) [59]. There is a high likelihood
that the Platanus × acerifolia in this study were not moisture-stressed, leading to the lack of correlation
found between water potential and leaf chlorophyll florescence.

The average pre-dawn water potential for Ficus macrophylla in this study was −1.0 MPa.
Similar species of figs in one study found turgor loss points between −1.5 MPa and −1.2 MPa [60].
Many figs appear to be adapted to high water use [60]. Therefore, they use close their stomata when
drought-stressed, rather than exhibiting acclimations that allow for very low turgor loss points [61].
It is therefore not clear whether the Ficus macrophylla in this study were moisture-stressed using
only pre-dawn water potential measurements. Hence, an apparent lack of correlation between leaf
chlorophyll florescence measurements and water potential in Ficus macrophylla was observed (Table 1).

There was a positive correlation between summer leaf F0 chlorophyll fluorescence and water
potential in Ulmus parvifolia, meaning that higher F0 values were associated with leaves that were less
drought-stressed (Table 1). The average water potential of the measured Ulmus parvifolia was−0.7 MPa.
Turgor loss point in Ulmus parvifolia has been found to be at around −1.6 MPa [62], indicating that the
Ulmus parvifolia may have been experiencing mild drought stress. According to the literature, higher
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values of F0 usually indicate damage to PSII [14], and have been frequently associated to foliar damage
after controlled stress applications in several tree species [2,32,63], which is the inverse of the result
found in the current study. However, Bussotti et al. [63], found a similar inverse association between
F0 values and foliar damage when woody species Fagus sylvatica L. and Acer pseudoplatanus L. were
exposed to ozone stress. A reduction in F0 values in response to salt exposure was also reported by
Percival et al. [64] in several Acer L. genotypes. This response has been explained as a compensative
process, in which the PSII of cells surrounding those that have been damaged by environmental
stresses are activated [65]. According to Bussotti et al. [63], this plant response to stress might also
be explained by a strategy that many plant species use to protect their leaves, which consists in the
isolation of damaged cells with a protective layer. F0 has also been found to be highly variable among
species, even between sun and shade leaves of the same plant [17], which is why some authors have
alluded to some difficulties in using this parameter as an indicator of photosynthetic function [19].

A similar inverse (unexpected) relationship was found between leaf PIABS and the autumn visual
vitality index estimated in Platanus× acerifolia (Table 2). The performance index (PIABS) is defined as the
ratio between the energy be used in photosynthetic activities, and the energy that is dissipated as heat
or not used for the electron transport within photosynthesis [31]. Therefore, higher PIABS values would
be expected in visually healthier trees, but these inverse associations have also been reported in other
investigations. Rossini et al. [42] compared chlorophyll fluorescence variables with visual discoloration
and defoliation indices in a Quercus robur L. forest, obtaining a negative correlation between both
variables. Because variations in the photosynthetic performance in response to stress are rapidly
detected by this parameter, the authors stated that discoloration changes could be observed long after
low measurements of PIABS are obtained. Martinez-Trinidad [46] also found an inverse relationship
between visual observations of health condition and FV/FM measurements in Quercus virginiana Mill.,
explaining these results as a possible compensation process from mature leaves in visually declining
trees. In the same vein, Bussotti et al. [66] proposed that an increase of photosynthetic performance in
plants under stressful conditions might be a product of a “compensation and acclimation” response of
leaves, which may largely vary within the crown of the same tree. However, the uncertainty about
how stressed the Platanus × acerifolia were in this study makes it difficult to adopt the compensation
process as an explanation for the results of this study.

Unlike the significant relationships found between the visual vitality index and the values
obtained on leaves for F0 and PIABS, FV/FM did not seem to reflect the same variations observed
in the visual vitality index estimated in Platanus × acerifolia. This parameter has been the most widely
used to estimate physiological conditions of plants [15] and has also been demonstrated to be more
reliable than the level of fluorescence (F0, FM) because its values are less dependent on species and other
factors, such the chlorophyll content of leaves [19]. Several authors have proposed threshold values
to categorized health condition of analyzed plants, ranging from 0.76 to 0.83 for healthy trees [14,32].
However, the average values of FV/FM obtained in this study from Platanus × acerifolia were always
over 0.80, even in trees with low visual vitality scores. For Cunningham et al. [36], the unreliability
of FV/FM to reflect visual variations of the crown condition in stands of Eucalyptus camaldulensis
Dehnh. was explained mostly by the different factors that could affect crown condition, such as
age, size, and tree location. In the current study, variables such crown size, for example, may be
affected by tree pruning regimes, and might not be necessarily associated with any change in
the physiological condition of the tree. Hence, some trees may have received a low score in the
visual vitality index (for crown size in particular) but this may not necessarily imply that these trees
were physiologically less vital. The intrinsic capacity of a particular species to maintain adequate
levels of photosynthetic capacity despite visual alterations in crown condition was suggested by
Johnstone et al. [12] as a possible explanation for similar results for leaf FV/FM versus the visual
vitality index in Eucalyptus saligna Sm. Similar limitations also exist in the current study, as Platanus ×
acerifolia are very tolerant to a range of environmental stresses.
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The lack of correlation between leaf chlorophyll fluorescence parameters and visual estimations of
vitality in Ficus macrophylla are difficult to explain. Differences in optical properties of leaves between
species, and sometimes within the same plant (e.g., leaf thickness and chlorophyll content), as well
as low light availability (full-sun leaves or shaded leaves) may lower leaf chlorophyll fluorescence
emissions [17,19]. Therefore, the greater thickness of the leaves of Ficus macrophylla and the dim light
conditions under which the sampled leaves were growing (leaves were collected from the inner canopy
of selected trees) were first thought to be possible explanations for the null relationships found between
chlorophyll fluorescence parameters and the estimated visual vitality index. However, the plotted
rise of chlorophyll fluorescence for this species showed similar and even higher levels of fluorescence
when compared with those of Platanus × acerifolia and Ulmus parvifolia. A simpler explanation of these
results may be the advantageous conditions under which the studied Ficus macrophylla specimens were
growing (Falkner Park). Park conditions, unlike streets and roads, present less stressful conditions
for plant growth. Therefore, despite some selected specimens of this species showed visual signs
of low vitality, these could have been product of the suppression of neighboring trees (trees were
closely spaced in a double row avenue) and not necessarily a response of a lower physiological vitality.
In fact, and similar to what happened in Platanus × acerifolia trees, FV/FM values rarely dropped below
0.80 even though there was more variation in visual estimations of the Ficus macrophylla trees than in
the Platanus × acerifolia trees.

The absence of consistent statistical relationships between leaf chlorophyll florescence and tree
vitality in Ficus macrophylla and Plantanus × acerifolia with regard to many chlorophyll florescence
parameters, including FVFM, may reflect the fact that low vitality is related to lower total leaf
mass, which means that stress-affected trees have to support fewer leaves. Leaf tissues appear
to remain relatively “vital” under such conditions. Similar results were obtained in a study by
Martinez-Trinidad et al. [46] when measuring mature Quercus virginiana Mill. They suggested that low
vitality Quercus virginiana may support fewer, but more efficiently operating, leaves.

The presence of photosynthetic active tissue below the periderm of stems and branches has
made it possible to measure photosynthesis in these parts of the tree [52]. However, bark chlorophyll
fluorescence has not been widely used to estimate stress response in woody plants apart, from
a study by Johnstone et al. [12]. The results obtained from the comparisons between visual
estimations of vitality and calculated bark chlorophyll fluorescence parameters showed a null result in
Ficus macrophylla (Table 3). In summer there was a statistically significant and negative relationship
between bark FV/FM and the urban tree visual vitality index in Platanus × acerifolia when there was a
2-s light exposure, but no correlations were observed in autumn (Table 3). This result is the reverse
of the expected relationship, as discussed later. In terms of the null result in autumn, some authors
have proposed that bark thickness could limit the penetration of light into stems, thus lowering the
resultant fluorescence signal [12,48]. Damesin [48] estimated that in 1-year-old stems of Fagus sylvatica
L., only 20% of incident light is transmitted through external bark, and compared with leaf values,
bark FV/FM values were always lower throughout the year. These lower bark fluorescence signals
can also be observed in plotted fast fluorescence rise for the three species in the current study, where
values of raw fluorescence emission from bark were half those obtained in leaf samples, in agreement
with the study of Eucalyptus saligna Sm. by Johnstone et al. [12]. Modifications of actinic light settings
(time and intensity) for the measurement of bark chlorophyll florescence in future studies may help to
clarify whether anatomic differences between species (bark thickness) are responsible for the lower
chlorophyll fluorescence signals obtained in this study.

However, as the significant relationships with the urban tree vitality index show, bark chlorophyll
fluorescence seemed to be as responsive as leaf chlorophyll fluorescence to a decline in tree vitality
suffered by Ulmus parvifolia (Tables 2 and 3, Figures 2 and 3). This result is consistent with results
recorded by Johnstone et al. [12] in Eucalyptus saligna Sm. In another study, leaf chlorophyll fluorescence
was found to be less sensitive to long-term drought than stem chlorophyll fluorescence in Alnus
glutinosa (L.) Gaertn. (black alder), Prunus avium (L.) L. (wild cherry), Quercus robur L. (English
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oak), Betula pendula Roth (silver birch), and Fagus sylvatica L. (European beech) [67]. The stems
showed greater sensitivity to drought stress than leaves, even though the stems took longer to show
any effect of drying in the first instance [67]. Chlorophyll fluorescence was measured on woody
tissue by Percival [68] on freeze-stressed Betula pendula Roth (silver birch) after being bare-rooted
prior to transplanting in the field. Seventeen weeks after planting, the freeze-dried Betula pendula
saplings had significantly different bark chlorophyll fluorescence measurements compared to those not
subjected to the stress, which was also highly correlated to height increment and foliar damage [68].
These results are consistent with the current study, where there was a statistical relationship between
bark chlorophyll fluorescence and the urban tree vitality index in Ulmus parvifolia.

It has been suggested that the lower intensity of bark photosynthesis, due to the lower intensity
of saturated light reaching the chlorenchyma of stems, makes the photosynthesis process less
dependent on environmental factors and the occurrence of photodegradation more unlikely [52,69].
Tausz et al. [52] determined that bark on the sun-exposed side of Eucalyptus nitens Maiden can
experience photoinhibition, finding variations between diurnal and nocturnal FV/FM measurements.
Wittmann and Pfanz [53] determined that FV/FM values calculated in 1–2-year-old stems of Fagus
sylvatica L. and Betula pendula Roth showed slow response to moderate changes in temperature,
but drastically decreased at freezing temperatures (<5 ◦C). In a recent study conducted in stands of
Eucalyptus saligna Sm., bark FV/FM measured in summer and autumn showed a statistical relationship
with visual estimations of tree vitality [12]. In the present study, the positive relationship found
between bark PI and the visual vitality index estimated in Ulmus parivifolia in autumn, as well as several
chlorophyll fluorescence parameters in summer, provided evidence of corticular photoinhibition in this
species. The photosynthetic performance index is a multiparametric expression that has demonstrated
to be more sensitive to changes in energy fluctuation during the process of photosynthesis than
some other parameters used in this study [30,33,66]. In fact, the performance index value in leaves
has been shown to be more sensitive to drought stress than the more commonly used FV/FM

parameter [21,70–72]
It is important to highlight that Ulmus parvifolia specimens presented more variation in crown

condition than the other tree species tested, and the signs of visually lower vitality were also more
evident. Therefore, it is possible that the selected Ulmus parvifolia specimens may have been under
stressful conditions at the moment of measurement, and the effect on photosynthesis capacity was not
only clearly detected by simple observation, but also more easily detected by leaf and bark chlorophyll
fluorescence parameters.

As mentioned earlier, in summer there was a statistically significant and negative relationship
between bark FV/FM and the urban tree visual vitality index in Platanus × acerifolia when there was
a 2-s light exposure. This result is the reverse of the expected relationship. In summer there was
also a statistically significant and positive relationship between bark FV/FM and pre-dawn water
potential in Ulmus parvifolia when there was a 2-s light exposure. This is also the reverse of the
expected relationship. These results are difficult to explain, although inconsistent or an unexplained
result where leaf chlorophyll fluorescence is concerned is not unheard of, as with the previously
mentioned research by Martinez-Trinidad et al. [46]. In addition, the bark chlorophyll fluorescence
measurements using a 2-s light exposure rather than a 1-s light exposure did not always increase the
FM or “maximum” chlorophyll fluorescence. As there appears to be no published research on the
duration of light exposure with regard to chlorophyll fluorescence maximum, it is difficult to speculate
as to why an increased duration does not consistently increase FM (data not shown).

On the other hand, consistent and significant statistical relationships were found between bark
chlorophyll fluorescence and pre-dawn water potentials in Ficus macrophylla and Plantanus × acerifolia
but not Ulmus parvifolia (Table 4, Figure 4). This suggests that the studied Ficus macrophylla and
Plantanus × acerifolia trees were under immediate moisture stress, whereas the studied Ulmus parvifolia
trees had been under a longer-term period of stress, which would be consistent with symptoms of
reduced visual vitality in the crown.
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There was no statistically significant relationship between the urban visual vitality index and
pre-dawn water potential in Ficus macrophylla and Ulmus parvifolia. However, there was a statistically
significant and negative relationship between visual vitality and pre-dawn water potential in Platanus
× acerifolia. This suggests that the visual vitality index method of assessing crown condition could be
indicative of drought stress in Platanus × acerifolia, in agreement with the data collected from Ulmus by
Callow et al. [39]. Values for pre-dawn water potential were not measured in autumn.

5. Conclusions

We found little evidence for our first hypothesis that there is a relationship between leaf water potential
and leaf chlorophyll fluorescence in mature trees. With respect to the second hypothesis—whether there is
a relationship between the visual vitality index and leaf chlorophyll fluorescence—we found evidence of
this with regard to all three mature tree species; Ficus macrophylla, Platanus× acerifolia, and Ulmus parvifolia.
We found good evidence for a relationship between bark chlorophyll fluorescence and the visual vitality
index in mature Ulmus parvifolia, but not in Ficus macrophylla or Platanus× acerifolia, which only partially
supports our third hypothesis. Somewhat surprisingly, we did find evidence to support our hypothesis
that there is a relationship between leaf water potential and bark chlorophyll fluorescence in mature
Ficus macrophylla and Platanus× acerifolia, but not in Ulmus parvifolia.

It appears that bark chlorophyll fluorescence measurements may offer a useful tool for tree vitality
and/or assessment of the water status of individual mature urban tree species. However, further work
is required to confirm the usefulness of bark chlorophyll fluorescence in this context.
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