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Carbon Uptake and Air Pollution Mitigation of
Different Evergreen Shrub Species

Jacopo Mori, Alessio Fini, Gianluca Burchi, and Francesco Ferrini

Abstract. Three independent experiments assessed CO, assimilation and metals leaf deposition of seven evergreen shrub species
(Arbutus unedo L., Elaeagnus x ebbingei L., Laurus nobilis L., Ligustrum japonicum Thunb., Photinia X fraseri Dress., Viburnum
tinus subsp. lucidum L., and Viburnum tinus subsp. tinus L.). CO, assimilation and carbon allocation were determined in 2011
(Exp. 1) under optimal water availability and in 2012 (Exp. 2) under drought on potted plants. A third experiment (Exp. 3) mea-
sured seasonal leaf depositions of Cd, Cu, Ni, Pb, and Zn in 2011 on plants transplanted in proximity of a four-lane road.

E. x ebbingei showed the highest CO, assimilation under optimal water availability but one of the lowest under drought (Exp. 1,
2). Conversely, P. x fraseri had intermediate CO, assimilation but it declined less during drought compared to the other species.
In Experiment 3, E. x ebbingei showed the highest metal deposition, mainly due to its greater leaf area. Greater rainfall and RH%
decreased metal depositions, whilst greater wind velocity and air temperature increased leaf depositions. Species which drasti-
cally reduce CO, assimilation under drought (V. tinus subsp. lucidum, L. japonicum, E. x ebbingei) are not recommended in drought-
prone environments, where drought-tolerant “mesic” species (P. X fraseri), should be preferred. E. x ebbingei could be used to
optimize deposition of metals. The three experiments provide useful insights especially about CO, assimilation (Exp. 1, 2) and air pol-
lution mitigation (Exp. 3) of widely used shrubs for application in urban areas and planning of roadside greening in southern Europe.
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Human activities, such as vehicle traffic, industry,
and the heating and conditioning of buildings,
contribute to changing the atmospheric environ-
ment in terms of CO, and air pollution concentra-
tions (Grubler 1994; O’'Meara 1999; Suzuki 2006).
Since the early 1900s, the average surface tem-
perature of Earth has increased by 0.74°C (IPCC
2013). Global warming is mainly driven by CO,,
which is largely emitted from the combustion of
fossil fuels (PBL Netherlands Environmental As-
sessment Agency 2013). Urban greening has been
reported to contribute effectively to the uptake and
storage of atmospheric CO, through its conversion
into organic carbon mean photosynthesis. CO, is
then stored as woody biomass for medium to long
periods, depending on the average life span of the
species involved and the use of the woody mate-
rial after removal from the planting site (Pugh et
al. 2012; Nowak et al. 2013). The potential of trees

and shrubs to remove CO, and pollutants is en-
hanced when they are planted within or near ur-
ban environments, where the concentration of CO,
and pollutants is higher (Niinemets and Pefiuelas
2007). In addition, they offer others benefits in
situ, such as improving microclimate conditions
and reducing energy consumption of buildings
for air conditioning (McCarthy et al. 2010). Plant
species differ in their relative capacity to assimi-
late and store CO, (Somogyi et al. 2008; Semwal
et al. 2013). Previous research investigated CO,
storage by several trees species and found that this
is positively related to life span and size at matu-
rity of the tree (Nowak and Crane 2002). How-
ever, CO, storage potential of shrubs has been
poorly investigated, even though they may ac-
count for about 10%-11% of total carbon storage
and for 21%-25% of total annual carbon uptake
by urban vegetation (Jo and McPherson 1995).
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In Mediterranean areas, the use of drought-
tolerant shrubs can considerably increase carbon
sequestration by local vegetation (Bombelli and
Gratani, 2003). Unfortunately, the degree of
drought tolerance and the mechanisms adopted
to cope with drought have not been studied
for most shrub species commonly planted in
the urban environment. Particular interest
should be given to determining which species
are capable of tolerating (rather than avoiding)
drought, thus maintaining high CO, assimila-
tion during dry periods (Bussotti et al. 2013;
Fini et al. 2014). Shrub species are suggested
as valid complements, especially where there
is not enough space for tree growth or where
local legislation imposes specific distances
for tree plantation along streets or buildings.

In parallel with CO, assimilation and carbon
storage, plants may play a role in decreasing local
air pollution. Particulate matter (PM) is the prin-
cipal component of anthropogenic air pollut-
ants. PM includes a mixture of elements, heavy
metals, black carbon, polycyclic aromatic hydro-
carbons, and other substances suspended in the
atmosphere (Bell et al. 2011). Plants can adsorb
and absorb PM, as well as other noxious gaseous
pollutants such as So, NO,, and O, (Nowak et
al. 2000; Nowak et al. 2006; Bealey et al. 2007),
and pollution-capturing efficiency is species-
specific (Dzierzanowski et al. 2011; Sebe et al.
2012; Mori et al. 2015a). Generally, it has been
found that coniferous species intercept higher
amounts of particulates due to their complex
leaf structures compared to broad-leaved species
(Beckett et al. 2000; Freer-Smith et al. 2005). In
addition, evergreen plants are able to intercept
air pollutants during winter as well (Freer-Smith
et al. 2005), when the concentration of air pollut-
ants is usually higher (Pikridas et al. 2013). Spe-
cies with large leaf areas and dense canopies can
create higher air turbulence and consequently
have a higher impaction of suspended particles
compared to species with low-dense canopies
(Mori et al. 2015b). Trees can also act nega-
tively, increasing air pollution concentrations at
the pedestrian level by reducing air circulation
(Buccolieri et al. 2009; Salmond et al. 2013).

Leaf anatomical and wultrastructural traits,
such as texture, surface roughness, presence of
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pubescence, and the quantity and size of stomata
are positively related to the retention capacity
of leaves toward PM (Huixia et al. 2013). Leaf
surfaces are temporary retention sites for pol-
lutants, the presence of which is influenced by
meteorological factors (Nowak et al. 2006). Thus,
an interesting aspect of the interaction between
plants and air pollutants is how deposition of pol-
lutants on leaves changes over time. For example,
Anicic et al. (2011) found a seasonal accumula-
tion, from May to September, of Cr, Fe, Ni, Zn,
and Pb on leaves of Aesculus hippocastanum and
Tilia spp., but similar information about shrub
species in dry and warm climates is still lacking.
Indeed, most of the research in the last 15 years
has been carried out on temperate tree species
(Beckett et al. 2000; Nowak et al. 2002; Nowak
and Crane 2002; Pugh et al. 2012). Elevated con-
centrations of heavy metals are common in urban
areas as a result of both a wide range of human
activities and natural processes (Lu et al. 2010).

As heavy metals are strongly associated with
PM (Duzgoren-Aydin et al. 2006), especially
with the coarse fraction having diameters up
to 10 um (PM ) (Araujo and Nel 2009), sev-
eral studies have measured some heavy metals
as descriptors of air pollutants (Fowler et al.
2003; Mori et al. 2015a). To improve knowl-
edge of the benefits of shrubs for urban land-
scape, three experiments were carried out to
characterize the following seven shrub species
regarding their capacity for CO, uptake and
storage and air pollution sequestration: Vibur-
num tinus subsp. lucidum L. cited as Viburnum
lucidum, Viburnum tinus subsp. tinus L. cited
as Viburnum tinus, Arbutus unedo L., Photinia
X fraseri Dress., Laurus nobilis L., Elaeagnus x
ebbingei L., and Ligustrum japonicum Thunb.
CO, uptake and storage were evaluated under
conditions of non-limiting moisture availability
(Exp. 1) and drought stress (Exp. 2), while
a third experiment (Exp. 3) aimed to iden-
tify the species with highest leaf deposition of
trace metals (Cd, Cu, Ni, Pb, and Zn) (Vibur-
num tinus was not included in this experi-
ment), to study the relationships between trace
metal depositions trends and meteorological
parameters, and to identify the possible sources
responsible for the presence of metals on leaves.
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MATERIALS AND METHODS

Experiment 1: Carbon Uptake and
Storage Under Optimal Water Avail-
ability
In autumn 2010, 84 uniform, two-year-old shrubs
(12 per species) of Arbutus unedo, Elaeagnus
X ebbingei, Laurus nobilis, Ligustrum japoni-
cum, Photinia x fraseri, Viburnum lucidum, and
Viburnum tinus, were potted in 3L containers. The
substrate was a peat:pumice mixture 4:1, (v/v),
added with 3 kg m~ of a controlled release fertilizer
(Osmocote Exact, 18-2,5-7, 8-9 months, Everris,
Intl. B.B, Geldermalsen, The Netherlands). Shrubs
were arranged in a randomized block design,
with six blocks of two shrubs per species in each
block, and grown outside in Sesto Fiorentino
(43.816652 N, 11.199673 E), Florence, Italy, un-
der full sunlight. Average maximum temperature
of the area from 01 June to 01 September, calcu-
lated over the last 30 years, is 30.2°C with peaks of
42°C. The average rainfall (June to September for
the same period) is 149.8 mm (Wikipedia 2016).
Shrubs wereirrigated daily to container capacity to
avoid water stress for the entire experimental period.
Daily trends of net photosynthesis and transpira-
tion were measured for 12 consecutive days during
summer 2011, from 9:00 am to 6:30 pm, using an
infrared gas analyzer (Ciras 2, PP-system, Ames-
bury, Massachusetts, U.S.). Measurements were
conducted at 380 ppm of CO, and ambient irradi-
ance on 18 current-season, fully expanded leaves
per species. Water use efficiency (WUE, pmol CO,/
mmol H,O) was calculated as the ratio between CO,
assimilation and transpiration for all 12 days of mea-
surement (Gebhardt el al. 2014). Mean daily assimi-
lated CO, per unit leaf area was obtained applying
integral analysis of the daily CO, assimilation curve
as reported by Fini et al. (2012). In detail, total
assimilated CO, was estimated by plotting the mean
daily net CO, assimilation versus time and, thereaf-
ter, applying an integral analysis to calculate the area
underlying the curve. To obtain daily CO, assimila-
tion per plant, the mean CO, assimilation per unit
leaf area of each species was multiplied per the total
leaf area of shrubs, assuming that self-shading was
not relevant because of the small size of the shrubs.
Biomass measurements were carried out at
the beginning and at the end of the experiment

on four shrubs per species. In November 2011,
shrubs were cut off at the root flare and roots
were cleaned from the medium using an air flush.
All leaves were separated from stems and imme-
diately scanned with an A3 scanner. An image
analysis software (Image Tool 1.3, UTHSCSA)
was then used to measure leaf area. To determine
dry weight, leaves, stems, and roots were oven
dried at 70°C until constant weight was reached
(=72 hours). Root-to-shoot ratio was calculated
as the ratio between root dry weight and leaves +
stem dry weight (Fini et al. 2011). Biomass alloca-
tion (%) was calculated as the change in dry mass
of a specific plant organ (stems, roots, and leaves)
over the change in dry mass of the whole plant
(stems + leaves + roots) with the aim of identify-
ing the species that allocated and stored more car-
bon into more durable organs compared to leaves.

Experiment 2: Carbon Uptake Under
Drought Stress

In October 2011, 144 three-year-old shrubs of the
same species used in Experiment 1 (24 shrubs per
species; Laurus nobilis was not used), were pot-
ted in 5L containers. Experimental site, substrate,
and fertilization were the same as in Experiment
1, but a novofol foil (see Fini et al. 2012) was used
to protect shrubs from undesired rainfall. Shrubs
were arranged in a randomized block design of
three blocks with eight shrubs per species in each
block. Container capacity, wilting point, and water-
holding capacity of the substrate were determined
using a gravimetric method (Sammons and Struve
2008) as described in other works (Fini et al. 2011;
Fini et al. 2013). All shrubs were watered daily to
container capacity (CC) until August, and then
exposed to water stress according to the follow-
ing treatments: 1) WW, 72 shrubs (four shrubs per
species per block) were watered daily to container
capacity throughout the experiment; and 2) WS,
(72 shrubs), water withheld from four shrubs per
species for two periods of five days each (drought
phase 1 and 2), separated by 14 days of partial re-
lief. During partial relief the substrate moisture was
maintained at 30% of CC, corresponding to mild to
moderate drought (Ruiz-Sanchez et al. 2000; Fini et
al. 2011) (Figure 4A). Physiological parameters were
measured six times during the 24 days of the water
stress experiment according to the following plan:
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1) leaf gas exchange [CO, assimilation (A); traspi-
ration (E); water use efficiency (WUE = A/E)] were
measured at T-0 (before the onset of drought), T-1
(one day after imposition of drought), T-2 (three
days after imposition of drought), T-3 (five days after
imposition of drought), T-4 (end of partial relief),
T-5 (end of experiment), using the same methods
and instruments as described in Experiment 1;

2) pre-dawn water potential was measured at T-3
usinga Scholander type pressure bomb (PMS Instru-
ments, Albany, Oregon, U.S.) between 3:00 and 5:00
am on four leaves per species, treatment, and block;

3) maximum quantum yield of PSII photo-
chemistry (Fv/Fm) and chlorophyll a fluores-
cence induction (OJIP) curve were performed
with HANDY PEA (Hansatech Instruments Ltd,
Norfolk, United Kingdom) on four leaves per spe-
cies, treatment, and block (44 leaves in total);

4) drought-induced changes in growth rate
were  measured  calculating  the  relative
growth rate (RGR) of each species from the
beginning to the end of the experiment, as
described in a previous work (Fini et al. 2010).

Experiment 3: Leaf Surface Accumu-
lation of Trace Metals

In spring 2010, 50 three-year-old shrubs of A. un-
edo, E. x ebbingei, L. nobilis, L. japonicum, P. X
fraseri, and V. lucidum (300 shrubs in total) were
planted in a field next to a high-traffic road. Be-
fore planting, soil was plowed to 40 cm. Shrubs
were planted into hand-dug planting holes (as
deep as the rootball and 1.5 times the width of the
rootball) and irrigated as required to avoid any
drought stress during the first year. Shrubs were
planted to form two vegetation belts, each 30 m
long and 5 m wide. These belts were parallel to a
four-lane road (average daily number of vehicles
was 12,000) in Pescia, Italy (N 43°52°57.7992%
E 10°40°58.0692”), and were at a distance of 1.5 m
from the road verge. Distance between belts was
30 m. Twenty-five shrubs per species formed a 5 m

x 5 m section in each belt. The experimental area
is located 35 km from the Ligurian Sea and the
land is dedicated mainly to floricultural and resi-
dential uses (Figure 1). Climate parameters for the
area during the experiment are reported in Table
1. The dominant wind in the experimental plot is
from the sea (west to east), thus the barriers are on
the leeward side of the road (Figure 1). At plant-
ing, shrubs were pruned to uniform size of 150 cm,
with the exception of L. japonicum and E. x ebb-
ingei which were 130 c¢m tall. Initial total leaf area
was measured on four shrubs per species. To mea-
sure leaf area, shrubs were fully defoliated and leaf
fresh weight was immediately determined; 30%
(in weight) of the leaves of each shrub were sub-
sampled and used for the leaf area measurements,
which were carried out using a RS2XA illumina-
tion and camera system (Kaiser, Germany) and A3
Lightbox (G.C.L., Durham, UK) with WinDIAS
software (Dynamax Inc., Houston, Texas, U.S.).
Each subsample (30% in weight) was then dried
separately and the specific leaf area (SLA) was cal-
culated on those leaves as the ratio between their
area and dry weight. SLA values were then mul-
tiplied per the total leaf dry weight of samples to
obtain the total leaf area of each plant (Table 2).

Figure 1. Arial photo of the area surrounding the experimental
site. The orientation of the two vegetation belts (indicated
with dark rectangle) and the main land use areas (agricul-
tural and residential) are shown. Black arrow indicates north.

Table 1. Meteorological data for the experimental area of the three periods prior to the 2011 samplings.

21 June - 03 August

03 August — 04 October

Sampling periods 19 May - 21 June
Precipitation (mm) 10.80

Wind direction SW

Wind speed (m s™) 0.80
Temperature (°C) 20.78

Relative humidity (RH%) 71.45

11.20 80,00

SW WSW
0.80 0.62
23.33 23.24
63.94 61.33
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Table 2. Leaf area (m?) of the six shrub species used for
frace metals analysis at planting date (autumn 2010).

Mean SD
Viburnum lucidum 0.41 0.04
Arbutus unedo 0.30 0.01
Photinia x fraseri 0.35 0.05
Laurus nobilis 0.44 0.09
Elaeagnus x ebbingei 0.50 0.06
Ligustrum japonicum 0.20 0.05

In 2011, leaf trace metal deposition was mea-
sured three times (June, August, and October) on
leaves formed in the current growing season in
order to avoid any confusing age-related effects.
Samplings were conducted after at least 10 rain-
less days. Two replicates of 10 fully expanded leaves
per species per belt (40 leaves in total) were col-
lected, including leaves at different heights. The
leaf area of every sample was measured. Healthy
leaves of each species were collected at a distance of
at least 1.5 m from the adjacent species in order to
reduce the influence of position. During the experi-
ment, 72 samples were collected and immediately
taken to the laboratory for subsequent analysis.
In the laboratory, leaves were washed in 50 ml of
a solution composed of distilled water and HCl
0.01 M (pH 2.0), per 30 minutes, placing samples
on an orbital shaker. The concentrations of Zn,
Cd, Pb, Ni, and Cu in the solutions of the differ-
ent samples were directly analyzed by Inductively
Coupled Plasma - Optical Emission Spectrometer
- Dual Vision (Optima 2000, Perkin Elmer,
Waltham, Massachusetts, U.S.). The results were
expressed as weight of metals per unit of leaf area.

To measure the quantity of metals washed off
from the canopy by precipitations, two containers
(50 cm x 100 cm) were placed at the base of four
replicate shrubs of each species. Control contain-
ers were placed at the same distance from the
street in an area without vegetation. Rainwater
in the containers was collected, measured, and
stored in the dark at 0°C from June to October
2011, after each significant rain event (>5 mm).
In November 2011, each rainwater sample was
mixed until complete re-suspension of the sedi-
ments was reached and greater homogeneity
within the sample was obtained; 20 ml of each
sample was collected and fully evaporated at 50°C
to collect the dry matter. The dry matter was then
digested with 5 ml of a mixture of HNO, (65%) :

HCIO, (68%), (5:2) v/v at 180°C per 60 minutes
using a heating digester DK 6 (VELP® Scientifica,
Usmate, Italy) to obtain the metal concentration,
which was, for each sample, multiplied by the
total volume of collected rainwater in order to
obtain the total quantity of each metal. The pri-
mary aim was not to compare the effect of species
but to compare the effect of presence or absence
of shrubs on the metal content in runoff water.

Plant height and crown diameter were mea-
sured on six shrubs (three per belt) per species in
May, July, and October 2011. On the same sam-
pling dates, leaf area index (LAI) was measured by
a ceptometer (AccuPAR LP-80, Decagon Devices,
Inc., Pullman, Washington, U.S.) at 1 m above the
ground. In October, the total leaf area of four shrubs
per species was measured by destructive harvest.
The depositions of trace metals on the whole plant
were then calculated by multiplying the deposi-
tions per unit leaf area and the whole plant leaf area.

Morphology of the leaf surface and presence of
particulate matter on the abaxial and adaxial sur-
faces were observed on ten leaves per species from
one sampling event in July using an ESEM (electron
scanning environmental microscope) Quanta 200,
(Fei Corporation, Eindhoven, The Netherlands),
operating in low-vacuum mode (chamber pressure
was kept at 1 Torr) and 25 kV. Leaves to be observed
by ESEM were harvested using separate disposable
gloves for each species; leaves were harvested from
the petioles, avoiding contact with the leaf blade.
After harvesting, leaves were carefully placed in
disposable paper bags and immediately processed.

Meteorological ~parameters (rainfall, wind
speed, wind direction, relative humidity, and air-
temperature) were measured continuously from
June to October 2011 at 1.5 m height, using an
iMetos® SD meteorological station (Pessl Instru-
ments, Weiz, Austria) positioned between the
vegetation belts (15 m distant from each belt).

Statistical Analysis

Growth parameters and water relationships
were analyzed using one-way (Exp. 1) or two-
way ANOVA (Exp. 2). Leaf gas exchange data
were analyzed using repeated measures ANOVA.
Mean separation was carried out using Duncan’s
MRT (SPSS statistics 19, IBM Company, New
York, U.S). Differences in trace metal deposi-
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tions (Exp. 3) were tested with repeated mea-
sures ANOVA and separation of the means was
carried out using Duncan’s MRT (CoStat 6.303,
CoHort Software, Monterey, California, U.S.).
The relationships between metal depositions on
leaves and climate parameters were tested using
Partial Least Square Regression (PLSR) for each
metal separately. PLSR is useful when a high level
of multi-collinearity among the explanatory
variables is assumed (Rosipal and Trejo 2001).
Correlations between the deposited metals were
tested using Pearson product-moment correla-
tion coefficients (r) and only the r values above
0.5 were considered. Multivariate methods were
used to identify the possible sources of different
metals. Cluster Analysis (CA) was performed
using Ward’s method and Euclidean distance
as metric (Oliva and Espinosa 2007). Factor
Analysis (FA) was accomplished with Varimax
rotation (Lorenzini et al. 2006). The outliers
were identified and removed from the data set.

RESULTS

Experiment 1: Carbon Uptake Under
Optimal Water Availability
Elaeagnus x ebbingei, A. unedo, and L. nobilis had
the highest mean daily CO, assimilation per unit
leaf area compared to the other species when shrubs
were grown under optimal water availability (Figure
2A). Conversely, V. lucidum, L. japonicum, and V.
tinus showed the lowest values. All species showed
the highest values of CO, assimilation during the
morning hours and then underwent a significant
midday depression. Elaeagnus x ebbingei and L. ja-
ponicum, in contrast with the other species, showed
a significant recovery of CO, assimilation, reaching
values similar to those in the morning, after 3:00 pm.
CO, assimilation of the whole plant (a param-
eter that considers both the assimilation per unit
leaf area and the total leaf area of the plant) was
higher in E. x ebbingei and L. nobilis than in V.
lucidum, V. tinus, and P. X fraseri; A. unedo and L.
japonicum showed the lowest values (Figure 2B).
Species had different WUE (V. lucidum = 3.87
+ 2.35; A. unedo = 3.93 + 1.86; P. x fraseri = 4.71
+ 2.51; L. nobilis = 4.86 + 2.14; E. x ebbingei =
4.76 + 2.34; L. japonicum = 4.09 + 2.06 ; V. tinus
= 4.36 + 2.60 expressed as umol CO, mmol" H,0).
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Laurus nobilis and E. x ebbingei gave the high-
est woody biomass production (data not shown)
and the highest relative growth rate calculated
over the experimental period (Figure 2C). A
positive strong correlation (P < 0.01; R* = 0.95)
was found between whole-plant CO, assimi-
lation and relative growth rate (Figure 2D).

Allocation of photosynthates among plant organs
differed across species. V. lucidum allocated more
carbon to leaves compared to all other species. On
the contrary, V. tinus, E. x ebbingei, and L. japoni-
cum displayed lower percentages of C allocation to
leaves compared to the other species considered,
even if differences were significant only when com-
pared to V. lucidum (Figure 3). At the end of the
experiment, E. x ebbingei, L. nobilis, V. lucidum,
and V. tinus had higher total leaf area (0.29 + 0.05;
0.32 +0.04; 0.27 £ 0.04; 0.30 £ 0.05 m?, respectively)
than A. unedo, P. x fraseri, and L. japonicum (0.18
+ 0.03; 0.19 £ 0.05; 0.16 £ 0.05 m? respectively).

Experiment 2: Carbon Uptake and
Storage Under Drought Stress

On average, substrate moisture of WS shrubs
declined to 15% of its holding capacity by the end
of “drought phase 17 (T-3), where it was main-
tained around 30% by irrigation until T-4 and
finally declined to 12% at the end of “drought
phase 2” (T-5) (Figure 4A). CO, assimilation of
WW shrubs largely confirmed the values observed
in Experiment 1 (data not shown) and did not
statistically differ from data collected from WS
shrubs at T-0. As drought progressed (T-1,T-2,
T-3), CO, assimilation declined in all species, but
the magnitude of the decline was species-specific,
with species such as E. x ebbingei and V. lucidum
experiencing greater drought-induced reductions
in CO, assimilation than V. tinus and A. un-
edo. During partial relief (T-4), CO, assimilation
of some species (i.e., P. x fraseri, V. tinus, L. ja-
ponicum) exhibited some recovery, while in other
species (i.e., E. x ebbingei, A. unedo, V. lucidum)
CO, assimilation showed little or no recovery. At
the end of drought phase 2 (T-5), A. unedo, P. x
fraseri, V. tinus, and L. japonicum had higher CO,
assimilation than E. x ebbingei and V. lucidum.
However, as drought progressed, CO, assimilation
of E. x ebbingei was strongly reduced (Figure 4B).
A similar trend was found in V. lucidum, which
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Figure 2. A) Daily trend of net photosynthesis expressed as pmol (CO,) m? (leaf area) s™'; B) daily CO, uptake of
the whole plant expressed as g (CO, assimilated) day™; C) relative growth rate (RGR); and D) relation between
RGR and whole-plant daily CO, assimilation of seven different shrubs in 2011, under optimal water availability.
Data of CO, uptake are the average of 12 daily measurements of net photosynthesis. Double asterisk (**) indi-
cates significant differences among species at P < 0.01, different letters indicate different homogeneous groups

using Duncan’s MRT.

had a very low CO, assimilation during drought.
Viburnum tinus and A. unedo had the smallest re-
duction in CO, assimilation under drought stress.

Drought differentially reduced the maximum
quantum yield of PSII photochemistry (Fv/Fm)
during drought phase 1 (Figure 5). Ligustrum
japonicum, E. x ebbingei, and V. lucidum showed
the highest depletion in Fv/Fm, whereas P. x fra-
seri displayed the lowest deviation. In particular,
Fv/Fm decreased below 0.70 in L. japonicum
and V. lucidum, indicating a condition of stress.

Experiment 3: Leaf Deposition of
Trace Metals

Species differed for Pb deposition on unit leaf
surfaces while differences were not statistically
significant for other metals (Table 3). Ligustrum

Figure 3. Carbon allocation to different plant organs in seven
shrub species in 2011 under optimal water availability. Dif-
ferent letters within an organ (i.e., leaves, stem, and roots)
indicate significant differences among species at P < 0.01
using Duncan’s MRT.
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Figure 4. A) Irrigation scheduling and substrate moisture
(expressed as percentage of the water holding capacity of
the container), for plants under drought stress (WS); and B)
Whole plant carbon uptake in six shrubs grown under water
stress in 2012 expressed as g (CO, assimilated) per h™'. Data
of substrate moisture are the average 12 plants per species
for six species. T indicates when physiological measure-
ments were carried out. Different letters within the same
sampling date indicate significant differences among spe-
cies at P> 0.01 using Duncan’s MRT.

japonicum, E. x ebbingei, and V. lucidum had
higher Pb depositions per unit leaf area than L.
nobilis. The quantity of Cu, Ni, Pb, and Zn de-
posited on the whole canopy was significantly
higher in E. x ebbingei than in the other species.

Generally, deposition of metals increased
from early to mid-summer (June-August)
and thereafter decreased to October levels
comparable to those in June (Figure 6). All
metals, with the exception of Pb, presented
a significantly different seasonal trend
(P < 0.001). Partial least square regression
analysis (Table 4), with four out of five sig-
nificant results, suggests that the leaf metal
depositions are negatively related to pre-
cipitation and RH% and positively related
to air temperature and wind velocity.

The photos taken by ESEM (Figure 7) reveal
the clear presence of particulate matter on
the upper and lower leaf surfaces of all spe-
cies with a greater quantity of trapped PM in
the hairy leaves of E. x ebbingei when com-
pared to the other (smooth-leaved) species.
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Metal Washout from the Canopy

The rainwater collected at the base of all species,
except V. lucidum, showed greater quantities of Zn,
Cu, and Pb compared to control samples (Figure 8).

Figure 5. Maximum quantum yield of PSIl photochemistry
during the “drought phase 1” in six shrubs grown under
either well watered (WW) or water stress (WS) condi-
tions. Double asterisk (**) indicates significant differences
between WW and WS plants of a species for P > 0.01 using
Duncan’s MRT. The normalized index of variation (NIV)
was calculated as: [(Fv/Fm), - (Fv/Fm), 1/ [(Fv/Fm), +
(Fv/Fm),,, ] (Tattini et al. 2006).

Figure 6. Metal depositions on leaf surface, expressed as
Mg (metal) cm? (leaf area), in the different periods during
growth season of 2011: 21 June 2011 (I); 03 August 2011
(I1); 04 October 2011 (Ill); 30 August values are means of all
species (ug cm2). Different letters within the same sampling
date indicate significant differences among species at P >
0.01 using Duncan’s MRT.
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Figure 7. Environmental scanning electron microscope (ESEM) micrographies: A) adaxial and B) abaxial leaf surface of (1)
Viburnum lucidum, (2) Arbutus unedo, (3) Photinia x fraseri, (4) Laurus nobilis, (5) Elaeagnus x ebbingei, and (6) Ligustrum
japonicum. Images were taken at different magnifications as reported on the images.

©2016 International Society of Arboriculture
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Figure 8. A) Accumulation of Cu and Zn; B) Ni and Pb; C) and
Cd expressed as mg (metal) / plant, from June to October
2011 in the water collected at the base of Viburnum
lucidum, Arbutus unedo, Photinia x fraseri, Laurus nobilis,
Elaeagnus x ebbingei, Ligustrum japonicum, and control.
Values are means (mg/plant). Different letters within the
same sampling date indicate significant differences among
species at P < 0.05 (*) using Duncan’s MRT.

Metal Source Identification

Cluster analysis, which is generally used to group
variables (metals) based on their similarity/
dissimilarity, grouped the metals in two principal
clusters. The first cluster included Cu and Ni, while
Cd, Zn, and Pb were located in the second (Table
5). Factor Analysis (Table 5), which has the aim of
describing variability among variables by a lower
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number of artificial variables (factors), indicated
that approximately 85% of the variance may be
explained by the first two factors. Factor 1, which
accounted for 58% of total variance, showed posi-
tive loadings with Cu, Ni, and Zn. In factor 2
(27% of total explained variance), Cd and Pb were
dominant metals. Correlation analysis between
leaf metal depositions showed that Cd is correlat-
ed with Pb (r = 0.51), Cu with Ni and Zn (respec-
tively r = 0.92 and 0.83), and Ni with Zn (r = 0.77).

DISCUSSION

Experiments 1 and 2: CO, Uptake
Under Contrasting Water Availability
Experiments 1 and 2 were aimed at investigating
CO, assimilation and storage of seven widely used
evergreen shrub species under either optimal mois-
ture availability (Exp. 1) or water stress (Exp. 2). The
results of these experiments corroborate the idea
that the “carbon benefit” of shrubs is largely species-
specific and dependent on a species-planting site
interaction, as previously observed with tree species
(Nowak and Crane 2002; McPherson and Simpson
2003). In particular, the ecological behavior of the
species and the mechanisms evolved to cope with
environmental stress are key determinants of carbon
assimilation and carbon storage (Penuelas et al.
2001; West et al. 2012). The data highlight differ-
ent growth strategies by the seven species investi-
gated, which may be critical for proper use of these
shrubs in the landscape. Some shrub species (i.e., E
x ebbingei, V. lucidum, and L. japonicum) displayed
a profligate/opportunistic water use (in the sense
intended by Moreno-Gutiérrez et al. 2012), charac-
terized by high water use and CO, assimilation per
unit leaf area when water is not limiting, and drastic
reduction of stomatal conductance, transpiration,
and CO, assimilation after the onset of stress. Other
species (i.e., A. unedo and V. tinus), instead, have
evolved a conservative water-use strategy, consist-
ing in relatively low leaf gas exchange during the
favorable periods, which was only slightly depressed
during stress (Moreno-Gutiérrez et al. 2012).
These findings have important applications for
sustainable and benefit-based planning of urban
green areas. In moist and favorable sites, or where
irrigation water is readily available, CO, assimi-
lation and carbon storage are highly correlated



Arboriculture & Urban Forestry 42(5): September 2016

339

Table 3. Foliar deposition, per unit leaf area and per the whole canopy, of six shrub species of five trace metals (Cd, Cu,
Ni, Pb, and Zn). Data are the mean of three samplings performed in June, August, and October. Data are means + SD.
ANOVA tests (A) of differences between species are also included. Values as 0.000 are less than 0.001.

V. lucidum A. unedo P, x fraseri L. nobilis E. x ebbingei L. japonicum
Depositions per unit leaf area (ug cm?*1000)
Mean SD A Mean SD A Mean SD A Mean SD A Mean SD A Mean SD A F P
Cd 005 006 a 0.04 0.05 a 0.03 004 a 0.04 006 a 0.03 005 a 003 005 a 031 090
Cu 814 837 a 96.4 109 a 70.1 656 a 116 158 a 108 123 a 69.6 562 a 0.83 0.55
Ni 14.8 17.7 a 17.1 175 a 11.8 131 a 25.1 317 a 24.4 26.6 18.0 149 a 1.02  0.44
Pb 2.37 1.35 ab 1.62 1.25 bc 1.89 0.96 abc 1.25 1.03 ¢ 2.09 0.72 ab 2.55 075 a 3.71  0.02
Zn 923 824 a 140 131 a 114 127 a 182 201 a 164 155 a 146 133 a 233 0.09
Depositions on the whole plant (mg)
Mean SD A Mean SD A Mean SD A Mean SD A Mean SD A Mean SD A F P
Cd 000 0.00 a 0.00 0.00 a 0.00 0.00 a 0.00 0.00 a 0.01 001 a 0.00 0.00 a 0.44 0.82
Cu 408 420 b 3.84 435 b 391 366 b 306 448 b 10.1 116 a 245 222 b 246 0.04
Ni 074 089 b 0.68 070 b 0.66 073 b 0.73 092 b 2.30 251 a 0.57 059 b 316 0.01
Pb 011 0.07 ab 0.06 0.05 bc 0.11 0.05 ab 003 003 ¢ 016 010 a 010 003 b 553 0.00
Zn 462 413 b 5.60 523 b 6.37 7.06 b 5.30 585 b 15.5 146 a 5.13 517 b 3.08 0.02

Table 4. Partial least square regression analysis (PLSR) coefficients showing how deposition of different metals depends on
wind velocity (Wind), air temperature (Air T°), relative humidity (RH%), and precipitation (Prec.). Values as 0.000 are not

equal to 0 but less than 0.001.

F P r’ Const. Wind Air T° RH% Prec.
Cd 10.74 0.002 15 -0.000 0.000 0.000 -0.000 -0.000
Cu 34.41 0.000 53 -0.732 0.486 0.048 -0.009 -0.001
Ni 19.98 0.000 40 -0.121 0.086 0.007 -0.001 -0.000
Pb 3.24 0.077 5 -0.001 0.002 0.000 -0.000 -0.000
Zn 128.18 0.000 67 -1.159 0.801 0.071 -0.012 -0.002

(Herms and Mattson 1992). Under these condi-
tions, the planting of profligate/opportunistic spe-
cies with a high assimilation rate is highly advisable
because they allow maximization of both CO,
assimilation and growth. Among the species stud-
ied here, E. x ebbingei and L. nobilis outperformed
the others under non-limiting moisture in terms of
carbon uptake and growth. In detail, E. x ebbingei
showed the highest CO, assimilation rates per unit
leaf area throughout the day, and particularly dur-
ing the afternoon, when photosynthesis of most of
the other species was greatly constrained by midday
depression. Furthermore, this species, when grown
with adequate moisture, can sustain these rates over
a large leaf area, resulting in higher daily carbon
uptake per individual plant compared to most of the
other species investigated. On the contrary, other
species, such as P. x fraseri and L. japonicum, had
high CO, assimilation rates but low total leaf area per
plant, resulting in lower daily CO, assimilation and
growth rates compared to E. x ebbingei and L. nobilis.

It must also be considered that, for a given
increase in plant biomass, species that invest more
in leaves than in woody biomass store carbon for a
shorter period, particularly in the urban environ-
ment where fallen leaves are artificially removed

Table 5. Clusters derived from cluster analysis and fac-
tor loadings of two factors identified from factor analysis
for metals on leaves during the entire sampling period.
Varimax rotation was applied to factor analysis.

Cluster Factor 1 Factor 2
Cd 2 0.25 0.83
Cu 1 0.97 0.09
Ni 1 0.96 0.01
Pb 2 -0.02 0.89
Zn 2 0.88 0.28

(Nowak et al. 2002). Therefore, species such as V.
lucidum, with a high carbon allocation to leaves,
may not be advisable for maximizing carbon storage.

Drought stress reduces plant carbon gain by act-
ing on both stomatal and mesophyll conductance,
and affecting the activity of Rubisco and the rate of
ribulose regeneration (Chaves et al. 2002; Medrano
et al. 2002). Furthermore, drought can alter photo-
synthate partitioning to primary (growth) and sec-
ondary (defense) metabolism, thereby decreasing
the amount of assimilated carbon stored as woody
biomass. For example, in a recent experiment, when
shrubs of the isoprene emitter species Platanus x
acerifolia were moved from a moist to a dry envi-
ronment, the amount of photosynthate allocated
to isoprene (a defense compound) was unchanged,
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despite a five-fold reduction of photosynthesis
(Tattini et al. 2015). Clearly, if photosynthesis is
impaired, secondary metabolism is fed by reserves
that then become unavailable for growth (Loreto and
Schnitzler 2010); the more the stress is perceived as
severe by the plant, the more primary metabolism is
likely to be affected. Finally, when a plant is killed by
drought, the carbon stored in its woody organs will
return to the atmosphere, unless the woody material
is properly managed (i.e., soil amendment) (Nowak
and Crane 2002). Therefore, when planting harsh
sites with the aim of improving CO, sequestration,
it is necessary to plant species that are “horticul-
turally tolerant”; that is, drought-tolerant species
capable of sustaining carbon gain and growth under
stressful conditions (see Fini et al. 2013), or their
benefits will be greatly reduced or neglected.

Species with conservative water use, such as the
Mediterranean shrubs A. unedo and V. tinus, had
lower stomatal conductance and carbon assimila-
tion than profligate/opportunistic species under
non-limiting water availability, but maintain rela-
tively high leaf gas exchange during drought. The
capacity of A. unedo and V. tinus to preserve the
functionality of the photosynthetic apparatus dur-
ing drought is confirmed by the lower decline in the
maximum quantum yield of photosystem II (Fv/
Fm) compared to profligate/opportunistic species,
such as E. x ebbingei, L. japonicum, and V. lucidum.
When CO, assimilation is largely constrained by
water shortage, as occurs in profligate/opportunistic
species, usage of irradiance in the photosynthetic
process is also reduced, and leaves may experi-
ence severe excess light stress, leading to photo-
inhibition and photo-oxidative damage (Chaves
et al. 2008; Fini et al. 2012). The large drop in Fv/
Fm observed in E. x ebbingei, L. japonicum, and V.
lucidum indicates that photo-inhibition probably
occurred in leaves of these species during drought
(Percival 2005; Kalaji et al. 2012; Fini et al. 2013).

Although severe drought induced a decline
of photosynthesis, P. x fraseri displayed the
lowest decline in Fv/Fm. The high concentra-
tion of anthocyanins in this red-leafed species
may explain its notable capacity to counter
excess light stress and avoid severe photo-
inhibition during water stress (Tattini et al. 2015).

In summary, the results of Experiments 1 and 2
indicate that, if maximizing CO, assimilation and
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carbon storage is a project goal, species with a prof-
ligate/opportunistic water use and fast growth rate,
such as E. x ebbingei and L. nobilis, should be planted
in moist/irrigated planting sites, while species with
a conservative water use or effective photoprotec-
tive mechanisms (A. unedo, V. tinus, P. x fraseri)
are recommended for drought-prone environments.

A potential limitation of this study is that the life
spans of the different species were not considered.
Thus, while the results may be valuable for under-
standing CO, assimilation and carbon storage of
different shrub species per unit time, they may not
reflect the total carbon stored over the whole life of
the plant. However, with the exception of A. unedo,
which can live for up to 400 years, the life span of
the other shrub species is similar, ranging from
20 to 50 years (Clemson Cooperative Extension
2015; AUB Landscape Plant Database 2016; Euro-
pean Trees 2016). In addition, all the three species
(A. unedo, V. tinus, P. x fraseri) have similar size
at maturity, ranging from 3 to 7 m (Brikell 2008).

These life spans fit the normal turnover of green
areas in urban environments well, where plants
often decline because of multiple stresses and are not
likely to complete their life cycles (Kozlowski 1999).

Experiment 3: Leaf Deposition of
Trace Metals

Leaf deposition per unit leaf area of Pb differed
among species, while for the other metals adsorp-
tion was not affected by species. In addition, the
species that showed the highest quantities of Pb
(L. japonicum, V. lucidum, and E. x ebbingei) had
no specific common characteristics (e.g., presence
of leaf trichomes, high growth parameters) dif-
ferentiating them from the other species (Table
6; Figure 7). Elaeagnus x ebbingei is the only spe-
cies with a visible presence of trichomes that can
be related to a higher capacity of pollutant reten-
tion (Beckett et al. 2000). Ligustrum japonicum
and V. lucidum, unlike the other species, showed
the presence of secretory glands, especially on the
lower leaf surface (Figure 8). Secretory activity
is evident by the light color of the glands, indicat-
ing of the presence of salts (Sakai 1974), which
may be related to the higher values of Pb in the
aforementioned species. Lavid et al. (2001) found
that Pb may be excreted by leaves through epider-
mal glands, and this is consistent with the limited
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seasonal variability observed across samplings
in this study. In fact, the secretory activity may
be considered independent from meteorological
conditions, which on the other hand, affect the
leaf depositions of metals from the PM in the air.

The results of whole-plant leaf deposition sug-
gest that total leaf area had a greater effect on the
interception capacity of shrubs than the morpho-
anatomical traits of individual leaves (Table 6).
Rapid-growing species with large total leaf area, and
high LAI, crown diameters, and height, have been
reported to adsorb more pollutants than slower-
growing species (Bunzl et al. 1989; Beckett et al.
2000; Fowler et al. 2003; Freer-Smith et al. 2005).

The large variation in metal deposition during
samplings confirmed that leaves are a temporary
retention site for pollutants (Nowak et al. 2006).
The results of partial least square regression,
especially for Cu and Zn (r* above 50), make it
possible to predict the deposition of metals with
moderate accuracy by using climatic parameters
(Table 4). The negative relationship between
metal deposition and total rainfall indicates that
metals on leaves decreased as rain increased, con-
tirming the washout effect that rain quickly plays
on pollutants adsorbed on leaf surfaces (Nowak et
al. 2006). The inverse relationship between metal
deposition and RH% may be considered more a
consequence of the strong relationship between
rain and RH% than a direct effect of RH% on
metal deposition. Despite this, it is reported that
RH% causes an increase in PM diameter and that
when PM diameters are greater than 0.1 um, an
increase in diameter leads to an increase of depo-
sition velocities (Fowler et al. 2003; Litschke and
Kuttler 2008). The positive relationship between
metals and wind speed could be due to the fact
that increasing wind speed leads to increasing
deposition velocities of PM (Beckett et al. 2000).

Temperature was also found to have a positive
relationship with the deposition of pollutants,
as previously reported (Cavanagh et al. 2009).

Washout by Rain of Metals from the
Canopy

The protocol used for rainwater collection does
not allow exclusion of possible contamination
of samples because of bird droppings, insects, or
other undesired animals. Therefore, researches
focused mainly on differences between the presence
and absence of plants, rather than on differences
among species. The greater quantities of metals in
containers under shrubs is further demonstration
of the role of shrubs in intercepting air pollution
(Nowak et al. 2000; Bealey et al. 2007). In addition,
the effect of washout caused by rain, and the con-
sequent deposition on the ground of metals, helps
reduce the resuspension of pollutants in the air.

Metal Source Identification

The results of correlation, FA, and CA were com-
pared in order to identify the possible source(s) of
different metals. Cu, Ni, and Zn have high load-
ings in factor 1 of FA and are all strongly corre-
lated (Table 5). Meanwhile CA clustered Cu and
Ni in a different group compared to Zn; Zn was
then excluded from the analysis. The relationship
between Cu and Ni is then supported by three dif-
ferent statistical methods. Cd and Pb are dominant
in factor 2 of FA and are significantly correlated.
Moreover, in CA, they are clustered together in
Group 2. Thus, the relationship between Cd and
Pb is confirmed by three different methods. Con-
sidering these results, two different groups were
created: Group 1 (Cu and Ni) and Group 2 (Pb
and Cd). All four of these metals have previous-
ly been attributed to traffic emissions (Pant and
Harrison, 2013; Valotto et al. 2015). This division

Table 6. Leaf area of the whole plant (LA), leaf area index (LAI), average lamina size (LS), number of leaves per plant
(N°L), crown diameter (CD), and height of plants (HP), of six shrub species planted in a field near a heavily polluted road
(Exp. 3). Values are means + SD. ANOVA tests (A) of differences between species are also included.

V. lucidum A. unedo P. x fraseri L. nobilis E. x ebbingei L. japonicum

Mean SD A Mean SD A Mean SD A Mean SD A Mean SD A Mean SD A F P
LA (m?) 501 0.67 bc 399 039 ab 5.58 158 ¢ 2.9 024 a 9.43 0.68 d 387 056 ab 243 0.00
LAI 543 112 ¢ 3.9 097 a 532 088 ¢ 447 126 b 6.9 114 d 415 1.08 ab 17.6 0.00
LS (cm?) 319 5.66 10.5 2.68 a 19.5 145 b 20.8 417 b 12.6 149 a 17.3 204 b 31.6  0.00
N°L 1608 265 ab 3967 898 d 2876 226 ¢ 1443 271 a 7611 1045 e 2268 284 bc 881 0.00
CD 102 706 d 93.1 6.45 ¢ 102 132 d 71.6 122 a 108 11.7 d 81.5 144 b 252 0.00
HP 146 168 b 136 115 a 194 287 e 166 9.99 «od 170 318 d 162 249 ¢ 134 0.00
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performed by statistical methods may indicate the
presence of two different sources for the studied
metals. Cu use is widespread in Pescia in the flo-
riculture industry. Ni is a micronutrient for plants
and its presence may be related to soil fertilization
practices (Barker and Pilbeam 2006). On this ba-
sis, Group 1 may be classified as an “agriculture-
related group.” Group 2 (Pb and Cd) can be attrib-
uted to traffic emissions (Pulles et al. 2012). Since
one of the aims of the research was to identify the
possible pollution source, it appears important
to consider not only the singular metal itself, but
also relationships between different metals and
characteristics of the sampling site. By compar-
ing different methods the results are more reliable.

CONCLUSION

The present investigation was aimed at evaluating the
potential of some shrubs to sequester air pollutants
and assimilate CO, from the atmosphere. This infor-
mation may be relevant for planners and technicians
involved in the management of urban green areas.

Elaeagnus x ebbingei had the highest carbon stor-
age under optimal water availability but revealed its
inability to thrive also in drought-prone environ-
ments. If water availability is a limiting factor in a site
where a planting is designed, other species, such as P.
X fraseri, A. unedo, and V. tinus, should be preferred.

A clear discrimination among species regard-
ing their relative capacity for deposition of
trace metals was not obtained. However, E.
x ebbingei had the highest whole-plant leaf
deposition of all the measured metals, primar-
ily because of its extremely fast growth rate.

The study authors are aware that only a lim-
ited number of shrub species were tested in this
study of CO, uptake and air pollution intercep-
tion potential, and further research is needed to
evaluate different species for different climatic
areas. However, the results may offer initial
insights regarding CO, assimilation and trace
metal deposition potential of widely used shrubs
for urban green areas in southern Europe.
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Résumé. Trois expériences indépendantes ont évalué
l'assimilation du CO, et le dépot de métaux sur les feuilles de sept
espéces d'arbustes a feuilles persistantes (Arbutus unedo L., Elaeag-
nus x ebbingei L., Laurus nobilis L., Ligustrum japonicum Thunb.,
Photinia X fraseri Dress., Viburnum tinus subsp. lucidum L. et le Vi-
burnum tinus subsp. tinus L.). L'assimilation du CO, et l'allocation
du carbone ont été caractérisées sur des plants en pot sous des con-
ditions optimales de disponibilité en eau en 2011 (Exp. 1) et sous
des conditions de sécheresse en 2012 (Exp. 2). Une troisi¢éme ex-
périence (Exp. 3) a mesuré le dépot saisonnier sur les feuilles de Cd,
Cu, Ni, Pb et Zn en 2011 sur des plantes transplantées a proximité
d'une route a quatre voies.

Le E. x ebbingei a démontré la plus élevée assimilation du CO,
sous les conditions optimales en eau, mais une des plus faibles lors
des conditions de sécheresse (Exp. 1, 2). A l'inverse, P. X fraseri avait
une assimilation moyenne du CO,, mais celle-ci diminuait moins
en période de sécheresse par rapport aux autres espéces. Dans
l'expérience 3, E. X ebbingei a démontré le taux de dépdt de métaux
le plus élevé, principalement en raison de sa plus grande surface
foliaire. Les pluies fréquentes et le pourcentage de RH réduisaient
le dépot de métaux tandis qu'une plus grande vélocité des vents et
la température de l'air augmentaient le dépot sur les feuilles. Les
espéces qui réduisent considérablement l'assimilation du CO, sous
des conditions de sécheresse (V. tinus subsp. Lucidum, L. japonicum,
E. x ebbingei) ne sont pas recommandées dans les aménagements
sujets a la sécheresse, alors que les especes "mésiques” tolérantes a la
sécheresse (P. x fraseri) devraient étre préférées. E. X ebbingei pour-
rait étre utilisé pour optimiser le dépot de métaux. Les trois expéri-
ences fournissent des indications utiles concernant particuliére-
ment l'assimilation du CO, (Exp. 1, 2) et la capacité de réduction de
la pollution atmosphérique (Exp. 3) d'une gamme d'arbustes large-
ment utilisés dans les zones urbaines et la planification du verdisse-
ment le long des routes en Europe méridionale.

Zusammenfassung. Drei unabhingige Experimente unter-
suchten die CO, Assimilation und Schwermetalbelastung auf
den Bléttern von 7 immergriinen Strauchern (Arbutus unedo L.,
Elaeagnus x ebbingei L., Laurus nobilis L., Ligustrum japonicum
Thunb., Photinia X fraseri Dress., Viburnum tinus subsp. lucidum
L., und Viburnum tinus subsp. tinus L.). Die CO, Assimilation und
die Kohlenstoffeinlagerung wurde in 2011 (Experiment 1) unter
optimaler Wasserverfiigbarkeit und in 2012 (Exp. 2) unter Trock-
enheitsbedingungen bei getopften Pflanzen bestimmt. Ein drittes
Experiment maf3 die saisonale Ablagerung von Cd, Cu, Ni, Pb, und
Zn in 2011 auf Blittern von Pflanzen, die in die Néhe einer vierspu-
rigen Strafle gepflanzt wurden.

Elaeagnus x ebbingei zeigte die hochste CO, Assimilation unter
optimalen Wasserbedingungen, aber eine der schlechtesten unter
Trockenheitsbedingungen (Exp. 1, 2). Entgegengesetzt hatte P. x
fraseri eine mittlere CO, Assimilation, aber sie sank wahrend der
Trockenheit im Vergleich zu anderen Arten. Im dritten Experiment
zeigte E. x ebbingei die hochste Schwermetalablagerung, haupt-
sachlich wegen der grofien Blattfliche. Grofier Regenfall und RH%
reduzierte die die Metalablagerungen, wihrend groflere Windbe-
wegung und Lufttemperatur die Blattablagerungen vermehrten.
Arten, die ihre CO, Assimilationen unter Trockenheitsbedingun-
gen drastisch reduzieren (V. tinus subsp. lucidum, L. japonicum,
E. x ebbingei), sind in einer Umgebung mit héaufiger Trockenheit

nicht zu empfehlen, wo trockenheitstolerante ,,mesische® Arten (P.
x fraseri)bevorzugt werden sollten. E. x ebbingei konnte verwendet
werden, um die Ablagerung von Metalen zu optimieren. Die drei
Experimente liefern niitzliche Einsichten iiber die CO, Assimilati-
on (Exp. 1,2) und Minderung der Luftverschmutzung (Exp. 3) von
flichendeckend verwendeten Strauchern bei Pflanzungen in urba-
nen Raumen und Planung von Straflenbegleitgriin in Siideuropa.

Resumen. Tres experimentos independientes evaluaron la
asimilacion de CO, y la deposicién de metales en la hoja de siete
especies de arbustos de hoja perenne (Arbutus unedo L., Elaeagnus
x ebbingei L., Laurus nobilis L., Ligustrum japonicum Thunb., Pho-
tinia fraseri x Dress., Viburnum tinus subsp. Lucidum L.y Vibur-
num tinus subsp. tinus L.). La asimilacién de CO, y la asignacién de
carbono se determinaron en 2011 (Exp.1) bajo 6ptima disponibi-
lidad de agua y en el aflo 2012 (Exp.2) en condiciones de sequia
en las plantas en maceta. Un tercer experimento (Exp.3) midi6 las
deposiciones de hojas estacionales de Cd, Cu, Ni, Pb y Zn en 2011
en las plantas trasplantadas en la proximidad de una carretera de
cuatro carriles.

E. x ebbingei mostr6 la mayor asimilacién de CO, con buena
disponibilidad de agua, pero uno de los mds bajos en condiciones
de sequia (Exp.1, 2). A la inversa, P. x fraseri tuvo asimilacién de
CO, intermedio pero disminuy¢6 durante la sequia en comparacién
con las otras especies. En el Experimento 3, E. x ebbingei mostrd
la mayor deposicion de metales, principalmente debido a su may-
or area foliar. Las mayores precipitaciones y la humedad relativa
disminuyeron las deposiciones de metal, mientras que una mayor
velocidad del viento y la temperatura del aire aumentaron las de-
posiciones de las hojas. Las especies que redujeron drasticamente
la asimilacién de CO, en condiciones de sequia (V. tinus subsp.
Lucidum, L. japonicum, E. x ebbingei) no se recomiendan en entor-
nos propensos a la sequia, donde las especies "mésicas” tolerantes
a la sequia (P, x fraseri), deben ser preferidas. E. x ebbingei podria
ser utilizado para optimizar la deposicion de metales. Los tres ex-
perimentos proporcionan informacién util sobre todo acerca de la
asimilacion de CO, (Exp. 1, 2) y la mitigacién de la contaminacién
del aire (Exp. 3) de arbustos ampliamente utilizados para su apli-
cacion en dreas urbanas y la planificacién del enverdecimiento a
borde de carretera en el sur de Europa.
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