
ii F o r e s tF o r e s t
Biogeosciences and ForestryBiogeosciences and Forestry

IUFRO RG7.01.00 - Nice (France 2015)
“Global Challenges of Air Pollution and Climate Change to Forests”
Editors: Elena Paoletti, Pierre Sicard

Physiological performance and growth of Viburnum tinus L. on 
phytoremediated sediments for plant nursing purpose

Francesca Ugolini (1), Costanza 
Calzolari (1), Giuseppe Mario 
Lanini (1), Luciano Massetti (1), 
Francesco Sabatini (1), Fabrizio 
Ungaro (1), Stefania Damiano (2), 
Carlos Garcia Izquierdo (3), 
Cristina Macci (4), Grazia 
Masciandaro (4)

Sediments are fundamental resources for productive activities like plant nurs-
ing, which are also likely to be responsible of their loss. In contrast, other
activities like the dredging of canals and waterways involve the extraction and
continuous accumulation of sediments. Most dredged sediments are polluted,
and need to be stocked and transported to landfills, with extremely high costs
for transport and management. To address these problems, a low-cost remedi-
ation  methodology  was  previously  developed  to  decontaminate  sediments
which were tested for use in plant nursery field plantations located in Pistoia
(Italy). The phytoremediated sediments were mixed in percentages of 33% and
50% with alluvial soil, which itself was used as control. We studied the charac-
teristics  of  these  mixtures,  and  the  physiological  response  and  growth  of
Viburnum tinus L. grown on each substrate, as well as its corresponding root
ball. Substrates with sediments showed quick water infiltration and no water-
logging,  in sharp contrast  to what was observed in autumn in the control.
Despite a rainy summer, V. tinus demonstrated a good acclimation to the dif-
ferent substrates, showing the lowest leaf water potentials in mixed substrates
and no signs of stress. No differences in leaf carbon assimilation or transpira-
tion were observed among substrates, while in late August plants grown on
substrates with sediments showed a higher performance index for energy con-
servation from photons absorbed by PSII to the reduction of intersystem elec-
tron acceptors. In the 50% mixture, there was also an enhancement of elec-
tron transport from PSII to PSI. Moreover, no differences in growth and biomass
were found. Plants in all substrates showed some thin-root mortality, likely
due to the persistent rainfall,  though a higher number of plants with dead
roots was observed in control. Thanks to the dense and fibrous root apparatus
of V. tinus, the mixture with 33% sediments produced satisfactory results even
for the root ball, resulting in less deformation and a lower breakage percent-
age.

Keywords: Biomass, Field Plantations, Leaf Gas Exchanges, Plant Nursing, PSII
Efficiency, Root Balls, Sediments.

Introduction
Sediments  are  a  dynamic  and  essential

part of water basins, as well as fundamen-
tal  resources  for  many  productive  activi-

ties, that can be also responsible of  their
depletion. For instance, the estimate of soil
loss in plant nursing (especially due to the
extraction of plants from field plantations)

is  about  5.2  millions  cubic  meters  every
year  in  Europe  (Marzialetti  P,  personal
communication). The net loss of soil at the
basin level, however, may be moderated to
the extent that this material is replenished
using agricultural soil.

In  contrast,  other  productive  activities
such as transport on waterways are so con-
strained by the accumulation of sediments
that  regular  dredging is  required to safe-
guard ship passage. According to another
estimate, about 200 millions cubic meters
of  sediments  are  dredged  every  year  in
Europe, of which 65% are contaminated by
heavy  metals,  hydrophobic  organic  com-
pounds  and  hydrocarbons  (Salomons  &
Brils  2004).  Contaminated  dredged  sedi-
ments have to be stocked in confined dis-
posal facilities, and then either transported
at enormous cost to landfills according to
the European Waste Framework Directive
(Directive  2008/98/EC),  or  transformed
(Netzband et al. 2002, Colombo et al. 2012).
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The European Life+ project CleanSed (“In-
novative  integrated  methodology  for  the
use of decontaminated river sediments in
plant  nursing  and  road  building”)  ad-
dresses  these  two  issues  by  applying  an
effective  methodology  (developed  in  the
Agriport project)  for the decontamination
and amendment of  sediments (Iannelli  et
al. 2010,  Doni et al. 2013), and testing the
remediated sediments  for  the plant  nurs-
ery sector.

The Agriport methodology showed effec-
tive results regarding the decontamination
of  sediments  dredged  from  the  Navicelli
canal  (Pisa)  and  Livorno  harbour.  Heavy
metals and petroleum hydrocarbons were
removed from these soils by (a) modifying
their physical and chemical properties with
the addition of sandy soil (30% by volume)
and a  layer  of  compost,  and (2)  applying
phytoremediation  for  two  years  with  a
combination  of  Mediterranean  species.
Afterwards,  during  the  Cleansed project,
the  phytoremediated  sediments  were
treated  with  land  farming.  The  whole
process was found effective in the removal
of all contaminants, meeting the legal lim-
its for industrial and commercial use (Doni
et al. 2013, Masciandaro et al. 2015).

Based on this experience, we hypothesize
that decontaminated sediments using the
methodologies  described  above could  re-
place the agricultural  soil  that  is  typically
used to recover the soil lost in field-planta-
tion  nurseries.  To  test  the  suitability  of
such  phytoremediated  sediments,  an  ex-
perimental  plan  was  set  up  and  imple-
mented  in  Pistoia,  a  province  leader  of
plant nursing in Italy.

The aim of  the study was to assess the
physical, chemical and hydraulic properties
of  different  substrates  with  varying  per-
centages  of  phytoremediated  sediments
mixed with alluvial soil of the Pistoia plain,
and to assess the growth performance of
commonly used ornamental shrub species
such as Viburnum tinus L.

Materials and methods

Experimental design
The experiment was set up in the spring

2014 at the Center for Experimental Plant

Nursing (Ce.Spe.Vi.) in Pistoia (Italy), which
is  a  prominent  center  for  plant  nursing,
especially for trees and shrubs in field plan-
tations.  The area is highly suitable to this
sector because of its climate and soil char-
acteristics.  The  climate  is  Mediterranean
semi-continental, with maximum and mini-
mum temperatures of 31.6 °C in August and
2.2 °C in January, respectively, and an aver-
age annual rainfall  of about 1200 mm (cli-
mate series 1981-2010 – http://www.lamma.
rete.toscana.it/clima-e-energia/climatologia
/clima-pistoia).

The alluvial soil of the Pistoia plain, used
in the experimental setup for control plots,
is  generally  composed of  loamy silt,  with
poor structural stability, high water reten-
tion and tendency to compaction.

Five cubic meters of  sediments dredged
from the Navicelli  canal  (Pisa,  Italy)  were
decontaminated using the  Agriport meth-
odology, until heavy metal concentrations
reached  values  below  the  legal  limits  for
industrial and civil use (Dlgs. 152/2006, D.M.
161/2012  and  Dlgs.  217/2006  –  Doni  et  al.
2013). Land farming was then applied dur-
ing the  CleanSed project, to further lower
the contaminant concentrations (Mascian-
daro et al. 2015). The phytoremediated sed-
iments  were then mixed with  the alluvial
soil  of  the Pistoia  plain  that  served in  its
original form as the control (CTL),  in per-
centages of 33% (T33) and 50% (T50) by vol-
ume.

The three soil mixtures (CTL, T33 and T50)
were arranged in six wooden-frame boxes
(two plots  each)  of  3  m3  (3  m long,  2  m
wide, 0.5 m deep) and insulated from the
ground with non-permeable fabric. In each
plot, 24 one-year-old plants (8 per species)
of three ornamental evergreen shrub spe-
cies (Photinia × fraseri var. Red Robin, Elea-
gnus macrophylla L., and Viburnum tinus L.)
were  planted  in  May  2014  at  50  cm  dis-
tance from each other, according the tradi-
tional  planting  pattern.  However,  since
Photinia × fraseri and Eleagnus macrophylla
showed similar physiological response and
final biomass across the three substrates,
in  this  paper  we present only  the results
for Viburnum tinus.

An  irrigation  system  with  drip  emitters
(one per plant) delivered from 0.5 to 1 L of

water  per  day.  Fertilization  was  done on
July 20, using 50 g of Osmocote 8M (16N-
11P-10K +2MgO) per plant.

Weather conditions
Weather parameters were recorded eve-

ry 15 minutes at the Meteorological station
in Ce.Spe.Vi. (long. 10° 54′ E, lat. 43° 56′ N,
60 m a.s.l.) equipped with a CR10 data log-
ger  (Campbell  Scientific  Campbell  Park,
Shepshed, Leicestershire, UK) and sensors
for  the  main  parameters.  Summer  2014
recorded 50% more rainfall  than the long-
term climatic average, with very short dry
periods; in particular, July was the wettest
month with 187.6 mm of rain. The monthly
mean temperature was around 23 °C from
June  to  August  whilst  the  maximum  air
temperatures were rarely above 35 °C, ex-
cept in June (Fig. 1).

Physical, chemical and hydrological 
characteristics of the substrates

The  phytoremediated  sediments  were
characterized  by  a  sandy  loam  texture
(USDA  classification)  and  the  texture  of
the three substrates was determined tak-
ing three random samples of soil from each
plot.  The  particle  size  analysis  was  per-
formed  using  a  pipette  procedure  (Indo-
rante  et  al.  1990).  Bulk  density  was  also
measured  by  taking  three  samples  of  10
cm3 per  plot  from  the  upper  10  cm,  and
recording the dry weight of the soil by vol-
ume after drying at 70 °C for 72 hours.

For  chemical  analyses,  three  samples  of
soil were taken randomly at a depth of 10
cm from each substrate. The dried samples
were sent to the Ionomics Service of  the
CEBAS-CSIC  (Murcia,  Spain).  The  pH  and
electrical conductivity (EC) were measured
in  deionized  water  (1:2.5  and  1:5  w/v,  re-
spectively).  Macro and micro nutrient  de-
termination was done in samples digested
using a high-performance microwave reac-
tion with HNO3:H2O2 (4:1,  v/v – Ultraclave,
Milestone, Shelton, CT, USA) and then ana-
lyzed with inductively coupled plasma-opti-
cal  emission spectrometry  (ICP-OES),  in a
Thermo  ICAP  6000SERIES  model.  Carbon
and  nitrogen  content  were  determined
using a Flash 1112 series EA carbon/nitrogen
analyzer.
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Fig. 1 - Weather conditions during the 
experimental period. (PP): Rainfall; (T 
Mean): Mean Air Temperature; (T Min): 
Minimum Air Temperature; (T Max): 
Maximum Air Temperature.
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The  hydrological  properties  of  the  sub-
strates  were investigated in  terms of  soil
moisture and water infiltration. One auto-
matic  Decagon  5  TE  sensor  (5TE),  posi-
tioned at  a  depth of  20 cm in  each plot,
recorded soil moisture every 10 minutes.

Once  the  substrates  were  stabilized
(October  2014),  the  constant  head  water
infiltration was measured using the Guelph
permeameter (Reynolds et al. 2002).

Leaf water potential
The  plant  water  status  was  assessed

through  the  measurement  of  leaf  water
potential  using a  pressure chamber  (PMS
Co., Corvallis, OR, USA). Pre-dawn (Ψp) and
minimum  (Ψm,  at  the  time  of  maximum
transpiration) water potentials were mea-
sured  on  a  sample  of  six  fully  expanded
leaves in each substrate, one per plant, on
May  20,  June  18,  July  18,  August  18  and
September 23. Leaves were detached from
the third node from the apex of the central
branches and readings were made immedi-
ately after detaching.

Following  the  Rambal’s  approach  (Ram-
bal 1992), daily oscillations of plant water
status were represented as the difference
between  pre-dawn  and  minimum  water
potential (ΔΨ = Ψp - Ψm), and the ΔΨ / Ψp
relationship  was  analyzed using  linear  re-
gression. The boundary straight line of the
scatter of points identified the intercept on
the ΔΨ axis (which represents the maximal
daily  amplitude  of  leaf  water  potential,
when the soil water content is at field ca-
pacity  and  atmospheric  evaporative  de-
mand is high) and the slope (which repre-
sents  the  relationship  between  predawn
and minimum water potentials).

Leaf gas exchange
Leaf  gas  exchanges  (photosynthesis  –

PN, and transpiration – ET) were measured
on  sunny  days  (May  16,  July  9,  July  31,
August 31) at 10-11 a.m. with PAR (photo-
synthetically  active  radiation)  >1000 µmol
m-2  s-1.  The  measurements  were taken  on
six fully expanded leaves (one per plant) in
each substrate, chosen from the third node
from  the  apex  of  the  central  branches,
using  a  CIRAS-1  Infrared  Gas  Analyser
(PPSystem, Hitchin, UK).

Chlorophyll a fluorescence
Chlorophyll a fluorescence was measured

with a PEA (Plant Efficiency Analyzer, Han-
satech, Instruments Ltd., King’s Lynn, UK)
at 10 a.m., on a sample of 16 fully expanded
leaves per substrate (two clips per plant),
chosen from the third node from the apex
of the central branches, on July 18, July 31,
August  31.  Leaves  were  dark-adapted  for
25 min with  leaf  clips,  and direct  fluores-
cence was then detected during 5 s of ex-
posure  to  actinic  light.  Data  were  down-
loaded using the Winpea 32 v.1.00 software
(Hansatech, Instruments Ltd., King’s Lynn,
UK)  and processed in a  Biolyzer  3.0  (JIP-
Test Analysis Program v.3.0, Laboratory of
Bioenergetics,  University  of  Geneva).  The

rising  fluorescence  transients  were  in-
duced  by  red  light  (peak  at  650  nm)  of
3000 µmol photons m-2 s-1 provided by an
array of six light emitting diodes; they were
recorded for 1 s, starting from 50 μs after
the onset of illumination, with 12-bit resolu-
tion.  The  fluorescence  induction  curve
from F0 to  Fm in  dark-adapted samples  is
known as the “fluorescence transient” and
its  analysis  is  formalized  in  the  JIP-test
(Strasser et al.  2000,  2004).  The different
bands  and  steps  of  this  polyphasic  tran-
sient are labeled as: O (50 µs in the JIP-test
represents F0, i.e., initial fluorescence), J (2
ms), I (30 ms) and P (peak or FM, i.e., maxi-
mum fluorescence).  To assess  the  photo-
system  efficiency,  the  following  parame-
ters were then calculated:
• Fv/Fm (ΦPO):  maximum quantum yield of

PSII  primary  photochemistry,  which  ex-
presses the probability that an absorbed
photon will  be trapped by the PSII reac-
tion center (initial  phase of the electron
transport chain);

• I-P phase (ΔVI-P – Oukarroum et al. 2009),
which indicates the amplitude of the I-P
phase,  i.e.,  the  efficiency  of  electron
transport around PSI to reduce the final
acceptors of the electron transport chain
(i.e.,  ferredoxin  and  NADP)  which  will
bring to the carboxylation;

• Performance  Index  (PIABS),  which  is  the
performance index for energy conserva-
tion  of  photons  absorbed  by  PSII,
through  the  electron  transport  chain,
from PSII to PSI.
Comparisons  between  substrates  were

made,  and  the  parameters  expressed  as
treated/control ratios.

Aboveground biomass and branching
At  the  beginning  of  the  experiment,  in

May 2014, the stem diameter and length of
the main branch were taken on a sample of
six plants per substrate, three per plot. In
November 2014, the same sample was de-
stroyed for assessing growth and biomass.
Stem  diameter  and  length  of  the  main
branch, leaf area (using Model Li-3000 leaf
area  meter,  Lincoln,  Nebraska,  USA)  and
dry  biomass  of  leaves,  wood  and  roots
(after drying at 70 °C until reaching a con-
stant dry weight) were all measured.

Branching  indexes  were  also  calculated
by measuring the number of branches and
their length in each branch order, accord-
ing  to  Carrillo-Mendoza  et  al.  (2010) and
Hättenschwiler et al. (1997).

Root and root ball assessment
One  of  the  most  important  aspects  in

plant nursing is the protection of the roots
when  plants  are  extracted  from  soil  for
sale. Root quality has significant impact on
the  ability  of  plants  to  survive  and  grow
after transplanting in landscape (Whiting &
O’Meara  2014).  Bare  roots  quickly  dehy-
drate when exposed to air,  so that when
field-grown plants are dug from the grow-
ing field, root ball and soil should be intact.
To prevent the root ball from breaking, the

roots are usually balled and wrapped with
burlap.  In  the  absence  of  a  standardized
form  for  root  ball  evaluation,  we  devel-
oped an evaluation form based on qualita-
tive and quantitative parameters: soil mois-
ture;  deformation  under  a  mechanical
force applied (e.g., placing the root ball on
the  ground);  root  ball  resistance  to  com-
pression; percentage class of rupture; and
presence  of  macrofauna.  In  November
2014,  six  root  balls  of  50  cm in  diameter
were  extracted  by  hand  and  assessed
immediately after extraction. Soil moisture
was measured by the gravimetric method
after  mixing  together  subsamples  of  the
substrate  from  the  root  balls.  Root  ball
deformation was assessed using a qualita-
tive 5-class scale: (5) it does not deform or
break; (4) it is rather compact; (3): it breaks
into  a  few  aggregates;  (2)  it  breaks  into
many aggregates;  (1):  it  is  completely  de-
formed. Resistance to compression was as-
sessed using a pocket penetrometer (ELE
International, Bedfordshire, UK), by taking
three  measurements  randomly  on  each
root ball.  The percentage of  rupture  was
assessed  using  4  classes:  (1)  more  than
60%; (2) from 30 to 60%; (3) up to 30%; (4)
no rupture. The assessment of macrofauna
involved  counting  the  numbers  of  earth
worms and presence/abscence of other in-
vertebrates (e.g., pill-bugs).

Root analysis concerned the root system
embedded in the root ball with a very lim-
ited part of external roots cut for root ball
extraction.  Root  balls  were  soaked  over-
night in water to disperse soil  aggregates
and then washed by hand, taking the float-
ing  roots  and  cleaning  them  by  applying
water pressure over the whole root appa-
ratus. Root analysis regarded the vitality of
new thin roots (less than or equal to 1 mm
diameter at mid-length) which were sepa-
rated from the main roots. Three samples
of new thin roots were randomly taken and
assessed to  determine their  vitality  (alive
or dead) on the base of morphological cri-
teria (colour, elasticity and resilience). For
each plant, the number of dead new thin
roots out of the total was determined and
classified in percentage classes (0%; <5%; 5-
25%;  25-50%;  50-75%;  >75%).  Total  root  bio-
mass was also measured after drying at 70
°C until reaching constant weight.

Statistical analysis
The  statistical  analysis  was  carried  out

using the software Statistica ver. 4.5 (Stat-
Soft Inc., Tulsa, OK, USA). Departures from
normality of the chemical properties of the
three substrates, leaf gas exchanges, Chl a
fluorescence  parameters,  plant  biomass
and growth parameters, and the resistance
to penetration of the root ball in the three
substrates were tested using the Shapiro-
Wilk’s  test.  ANOVA  followed  by  Tukey’s
test for post-hoc comparison of means was
then performed for identifying the statisti-
cal differences.

Regarding  the  root  ball  assessment,
classes of deformation and classes of rup-
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ture in each substrate were determined by
the  calculation  of  the  weighted  average,
on the basis of the number of occurrences
of each class.

For  each plant,  the  average percentage
of dead new thin roots was calculated and
attributed to a percentage class. Then,  in
each  substrate,  the  percentage  class  of
new thin dead roots was identified by the
calculation of the weighted average on the
base of the number of occurrences of each
class. The differences between substrates
were found by comparing the frequency of
the percentage classes, using a χ2 test for
2-way  tables.  χ2 values  were  compared
with critical  χ2 values at α=0.05 and 1 de-
gree of freedom. The same test was also
used for assessing the presence of inverte-
brates  like  pill-bugs  in  each  root  ball  ex-
tracted.

Tables  and  figures  report  mean  values,
standard  deviations  and  significance  with
P-values.

Results

Physical, chemical and hydrological 
characteristics of the substrates

The  physical,  chemical  and  hydrological
characteristics of the three substrates are
summarized in Tab. 1. The three substrates
were  characterized  by  a  sandy  loam  tex-
ture (USDA classification) with CTL richer in
silt compared to T33 and T50, which were
richer in clay. In addition, T33 and T50 had
a  lower  bulk  density  than  CTL,  which  in
contrast  was  more  compact,  and  they
were also more heterogeneous and looser
in  structure  due  to  the  presence  of  clay
aggregates (reaching > 10 cm in diameter).

In terms of pH, all three substrates were
alkaline,  with  the  highest  values  in  CTL,
though it had the lowest concentration of
Ca.  EC showed higher  values  in  the pres-
ence of phytoremediated sediments, espe-
cially in T50. Both treatments (T33 and T50)
had a good C:N ratio, but were poor in ma-
cronutrients like P and K.

Regarding the hydraulic properties, water
infiltration was very quick in T50 and T33,
whereas CTL showed the lowest values. In
summertime (after an initial  inconsistency
required changing the position of two sen-
sors), the daily soil moisture at a depth of
20  cm  (Fig.  2)  was  found  to  be  slightly
higher  in  CTL  and  T50  (ranging  between
16.4% and 31.1 % in CTL and between 13.7%
and 27 % in T50) than in T33 (range: 12.1% to
22.6%),  with a pattern more linked to the
rain  occurrence.  In  the  fall,  soil  moisture
showed the highest values in all substrates,
reaching  saturation  and  waterlogging  in
CTL  (data not  shown).  Both T50 and T33
showed a slight decreasing trend after the
peak  on November  18th,  and T33 had the
lowest values.

Plant physiological performances
The lowest Ψp values were observed on

July  18,  with  significant  differences  be-
tween  CTL  and  the  sediment  treatments
(T33 and T50). The latter recorded the low-

58 iForest 10: 55-63

Tab. 1 - Physical and chemical characteristics of the three substrates. (T33): 33% phytoremediated sediments mixed with alluvial soil;
(T50): 50% phytoremediated sediments mixed with alluvial soil; (CTL): 100% alluvial soil). Mean values and standard deviations are
given. Different letters within the same row indicate significant differences between means of the three substrates after Tukey’s
test (P<0.05, N=3 for each substrate).

Parameter T33 T50 CTL
Clay:Silt:Sand 6.6 : 39.4 : 54 10.5 : 34.4 : 55.1 10.3 : 34.9 : 54.8
pH 8.15 ± 0.05 b 8.06 ± 0.02 b 8.34 ± 0.05 a

Electric Conductivity (µS cm-1) 361.33 ± 35.22 b 597.33 ± 49.81 a 75.50 ± 3.16 c

Total C (g/100g) 2.70 ± 0.03 b 3.20 ± 0.22 a 1.90 ± 0.05 c

Total N (g/100g) 0.20 ± 0.03 a 0.20 ± 0.01 a 0.10 ± 0.01 b

C:N 17.60 ± 3.30 17.10 ± 0.40 14.30 ± 1.40
P (g/100g) 0.06 ± 0.00 a 0.06 ± 0.00 a 0.05 ± 0.00 b

K (g/100g) 1.00 ± 0.01 0.99 ± 0.06 0.96 ± 0.10
Ca (g/100g) 1.65 ± 0.01 b 2.29 ± 0.13 a 0.63 ± 0.05 c

Mg (g/100g) 1.06 ± 0.09 1.02 ± 0.09 1.00 ± 0.14
S (g/100g) 0.14 ± 0.00 b 0.23 ± 0.02 a 0.02 ± 0.00 c

NO3
- (mg L-1) 9.10 ± 0.27 a 9.80 ± 0.29 a 7.10 ± 0.79 b

SO4
2- (mg L-1) 120.10 ± 7.98 b 264.70 ± 28.73 a 3.70 ± 0.94 c

PO4
3- (mg L-1) 0.10 ± 0.03 b 0.00 ± 0.00 c 0.30 ± 0.08 a

Bulk density (mg m-3) 1.10 ± 0.07 b 1.06 ± 0.05 b 1.15 ± 0.08 a

Water infiltration (mm hr-1) 5.50 ± 2.60 b 61.00 ± 27.00 a 0.14 ± 0.11 c

Fig. 2 - Daily values of soil 
moisture (%) recorded by 
the Decagon 5 TE sensors 
placed at a depth of 20 cm.
Data were recorded con-
tinuously from the 1st of 
August until the end of 
2014. The sensors were 
removed temporarily dur-
ing the extraction of plants
(October-November).
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Phytoremediated sediments in plant nursing field plantations

est values (Fig. 3A), though on September
23rd  after a period of rain, values increased.
The lowest values of Ψmin were -2.3 MPa in
T50 (measured on July 18) and -2.2 MPa in
T33 on August 18, in accordance with the
lower  soil  moisture  value  at  the  time  of
measurement (Fig. 3B, Tab. 2).

In CTL V. tinus showed higher Ψp than in
T33 and T50 and similar maximum values of
ΔΨ (e.g., the difference between pre-dawn
and minimum water potential) in the three
substrates.  The  relationship  between  ΔΨ
and  Ψp  given  by  the  regression  analysis
revealed a linear dependence in CTL (ΔΨ =
2.65 Ψp + 2.3, R² = 0.45, P=0.002) and T33
(ΔΨ  =  5.7  Ψp  +  3.2,  R²  =  0.68,  P=0.003),
whilst  in  T50  the  relationship  was  weak
(ΔΨ  =  -2.26  Ψp  +  1.25,  R²  =  0.0654).  The
intercept  of  the  upper  boundary  of  the
points,  represented  by  a  straight  line,
ranged between 3.6 MPa in CTL to 5.6 MPa
in  T33  with  higher  slopes  in T33  and T50
(Tab. 3).

On  each  date,  V.  tinus showed  similar
photosynthesis as well as leaf transpiration
in all substrates. The highest rates of pho-
tosynthesis were observed on July 31, com-
pared to the previous dates (P < 0.05) and
even  compared  to  31  August  in  T33  (P  <
0.01).  Leaf  transpiration  recorded  higher

values on July 18 and 31 in CTL and in T50,
especially compared to August 31 (P < 0.01 -
Fig. 4).

No significant  difference  was  found  be-
tween the substrates on any given date of
measurement for F0, Fm, ΦPO, ΔVIP and PIABS.
However  in T33,  in  late  August,  PIABS and

ΔVIP became higher  on  average than  CTL
(ca.  25%  and  15%,  respectively)  although
with  high  variability  within  the  samples
(Fig. 5).

Changes were observed over the course
of the summer season, but only in the sub-
strates  with  sediments.  In  T33,  F0 had  a
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Tab. 2 - Soil moisture at the time of leaf water potential measurement, measured by
Decagon 5 TE sensor (5TE), positioned at a depth of 20 cm in each plot. For each sub-
strate the average value between two plots is given.

Measurement CTL T33 T50

18/08/2014 Hr. 4-5 20.1 16.3 18.7

18/08/2014 Hr. 13-14 29.5 21.4 26.4

23/09/2014 Hr. 4-5 20.2 16.2 18.4
23/09/2014 Hr. 13-14 28.2 20.1 25.7

Tab. 3 -  Minimum absolute values of pre-dawn (Ψp, MPa) and minimum leaf water
potential (Ψm, MPa), intercept value (Ψmax, MPa) and slope of the regression analy-
sis between pre-dawn leaf water potential (Ψp) and the difference between predawn
and  minimum  water  potential  for  the  three  substrates  (Ψ),  according  Rambal’s
approach (Rambal 1992).

Substrate Ψp Ψm Intercept Slope

CTL -0.21 -2.1 3.7 -9.6
T33 -0.25 -2.2 5.6 -13.0

T50 -0.26 -2.3 5.4 -22.0

Fig. 3 - (A) Pre-dawn (Ψp) and (B) minimum (Ψmin) water potential in Viburnum tinus during the experiment. Mean values and stan-
dard deviations are shown for the three substrates (CTL, T33, T50). Significant differences resulted from the Tukey test at P<0.05
are shown by letters in each date of measurement (N=18).

Fig. 4 - (A) Net photosynthesis (PN) and (B) transpiration (Tr) in Viburnum tinus during the experiment. Mean values and standard
deviations are shown for the three substrates (CTL, T33, T50). Different small-capital letters indicate significant differences between
means after Tukey’s test (p<0.05, N=6 in each substrate). No differences were found between substrates at the same date, while
significant differences were detected between similar substrates at different dates.
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peak on July 31 (P < 0.05 with respect to
July 18) and a decrease on August 31 (P <
0.001 with respect to July 31). On this date,
PIABS was higher than on July 31 both in T33
(P < 0.01) and in T50 (P < 0.05). Again on
August 31, but only in T50, ΔVIP showed the
highest value (P < 0.01 with respect to July
31 - Tab. 4).

Aboveground biomass and branching
When comparing between the three sub-

strates, V. tinus did not show differences in
stem growth in terms of the initial and final
size  of  the  main  shoot  (diameter  at  the
stem  base  and  length)  and  the  final  bio-
mass (leaf area, total biomass), but there
was  high  variability  within  the  samples.

Even  branching  indexes  for  number  (BI1)
and length (BI2) of branches did not show
statistical  differences  among  the  sub-
strates (Tab. 5), among which CTL showed
the highest internal variability, with larger
mean values for BI1  and smaller  ones for
BI2.

60 iForest 10: 55-63

Tab. 4 - Level of significance of differences between parameter values in Fig. 5, during the experiment in summer. Tukey’s test (α =
0.05) was used for  post-hoc comparison of  means among substrates  (N=16 for  each date and substrate).  Arrows indicate an
increase ( ) ↑ or decrease (↓) of the parameter values at the date in the column heading, compared to the date in the row heading.

Parameter Date
CTL T33 T50

18/7 31/7 31/8 18/7 31/7 31/8 18/7 31/7 31/8
F0 18/07 - ns ns - <0.05 ↑ ns - ns ns

31/07 ns - ns <0.05 - <0.001 ↓ ns - ns
31/08 ns ns - ns <0.001 ↑ - ns ns -

Fm 18/07 - ns ns - ns ns - ns ns
31/07 ns - ns ns - ns ns - ns
31/08 ns ns - ns ns - ns ns -

ΔVIP 18/07 - ns ns - ns ns - ns ns
31/07 ns - ns ns - ns ns - <0.01 ↑
31/08 ns ns - ns ns - ns <0.01 ↓ -

ΦP0 18/07 - ns ns - ns ns - ns ns
31/07 ns - ns ns - ns ns - ns
31/08 ns ns - ns ns - ns ns -

PIABS 18/07 - ns ns - ns <0.05 ↓ - ns ns
31/07 ns - ns ns - <0.01 ↑ ns - <0.05 ↑
31/08 ns ns - <0.05 ↑ <0.01 ↓ - ns <0.05 ↓ -

Tab. 5 - Growth and biomass parameters of V. tinus in the three substrates. Mean values and standard deviations are given. (ΔH):
height difference of the main branch between May and October 2014; (ΔØ): difference of stem diameter at the base, between May
and November 2014; (Branching index 1): number of branches in each order with respect to the previous order branch (Carrillo-Men-
doza et al. 2010); (Branching index 2): ratio between the cumulative length of the secondary branches and that of the first order
branch (Hättenschwiler et al. 1997). Tukey’s test (α = 0.05) was used for post-hoc comparison of means among substrates (N=6 in
each substrate). (ns): not significant.

Substrate ΔH
(cm)

ΔØ
(cm)

Leaf Area
(cm2)

Total Biomass
(g)

Branching
Index 1

Branching
Index 2

CTL 28.6 ± 4.5 0.4 ± 0.1 6599 ± 2316 176.9 ± 50.0 66.5 ± 69.7 18.4 ± 17.7
T33 24.3 ± 5.1 0.5 ± 0.1 7215 ± 1531 238.3 ± 62.3 28.4 ± 20.6 45.8 ± 28.1
T50 29.4 ± 5.5 0.5 ± 0.2 7182 ± 2415 198.8 ± 59.8 29.0 ± 20.7 41.8 ± 38.2
Prob ns ns ns ns ns ns

Fig. 5 - “Spider plot” of the parameters of direct fluorescence during the experiment, expressed as percentage relative to the con-
trol (CTL=100, black polygon; N=16 in each substrate). (F0): initial fluorescence; (Fm): maximum fluorescence; (ΦP0): maximum quan-
tum yield of primary photochemistry in a dark-adapted leaf (i.e., probability of an absorbed photon to be trapped by the PSII reac-
tion center); (ΔVIP): probability of a PSII trapped electron to be transferred to PSI acceptors (i.e., efficiency of electron transport
around the PSI to reduce the final acceptors of the electron transport chain); (PIABS): performance index of energy conservation
from photons absorbed by PSII to the reduction of intersystem electron acceptors in the electron transport chain. See Tab. 3 for the
significance of differences among substrates.
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Root ball and root assessment
When the root ball extraction was made,

soil moisture was around 25-30%. The root
balls showed the presence of earthworms
without differences among substrates (1.4
± 1.06 in CTL, 0.8 ± 0.89 in T33, 0.8 ± 1.03 in
T50), whilst the presence of pill-bugs was
observed only in CTL compared to T33 or
T50 (χ2

[1]= 27.11, P < 0.05).  V. tinus  showed
rather compact root balls in CTL and T33, in
which on average the breaking percentage
was up to  30%,  whereas  in  T50,  the  root
balls showed a tendency to break easily in
aggregates (even larger than 10 cm in size).
The resistance to penetration showed the
same  pattern,  with  significant  difference
between  T50  (easy  penetration)  and  the
other substrates (P < 0.05).

V. tinus has an extremely dense root sys-
tem, and in this experiment it deepened up
to 15  cm in the substrate,  with  no differ-
ence  between  the  three  substrates.  The
assessment  of  new  thin  roots  showed  a
certain percentage of dead new thin roots
in all  substrates, despite the fact that the
frequency was higher in CTL (Tab. 6).

Discussion
Field-grown  plant  production  presents

many  advantages,  like  low  start-up  costs
and reduced maintenance during the grow-
ing period (Dunwell & Vanek 2013), but it is
responsible for a consistent loss of topsoil
when  plants  are  transplanted  from  the
nursery to their final location. For instance,
in Europe the loss of soil due to plant nurs-
ery production is estimated at around 5.6
million cubic meters every year (Marzialetti
P, personal  communication).  When  new
plantations are set up, suitable new soil is
usually needed for augmenting the existing
soil  and improving  its  quality.  In  general,
new  soil  is  extracted  from  agricultural
fields that undergo land use change.

In this experiment we tested the use of
polluted river  sediments,  dredged from a
waterway  and  remediated  through  low-
cost and sustainable methodologies (Agri-
port and  CleanSed), in nursery field-grown
plant  production.  The  Agriport methodol-
ogy, followed by land-farming (during the
Life+  Cleansed project),  has  proved  to  be
effective in lowering the concentration of
contaminants  and  producing  a  substrate
suitable for  agricultural  purposes.  In fact,

these techniques stimulated the activation
of microbial biomass (increase in biochemi-
cal activity) and reduced the concentration
of heavy metals (Doni et al. 2013, 2015), and
they similarly reduced the concentration of
residual  organic  contamination  (by  15%),
while  increasing  the  homogenization  of
the  substrate  (Masciandaro  et  al.  2015).
The remediated sediments,  with levels  of
contaminants below the limits set by Ital-
ian Law 152/06, were then tested for field-
grown nursery production.

We looked at the properties of substrates
containing remediated sediments in differ-
ent percentages (0%, 33%, 50%), mixed with
alluvial soil from the plain of Pistoia where
the  experiment  was  set  up  (a  region
known for its high-volume nursery produc-
tion and for  the outstanding growth per-
formance of its cultivated ornamental spe-
cies).  Because  the  remediated  sediments
were  characterized  not  only  by  a  loose
structure and sandy loam texture but also
by a high degree of heterogeneity in terms
of aggregate size, the position of soil mois-
ture sensors in these mixed substrates had
to be changed at the beginning of the ex-
periment. However, later on in the fall, low
evaporation  and  wet  ground  due  to  the
persistent rains caused waterlogging in the
control but not in substrates with the phy-
toremediated  sediments.  The  improved
drainage  properties  of  these  substrates
were  also  demonstrated  by  very  high
water  infiltration  rates  in  the  two  sedi-
ment-containing  mixtures,  as  opposed  to
minimal rates in the control.

Regarding the physiological performance
of V. tinus, the analysis of the water status
showed that in substrates with sediments
plants had the lowest values of Ψp and Ψm
along with  the lower  values  of  soil  mois-
ture. From the analysis of the relationship
between ΔΨ and Ψp, we observed a strong
correlation between the two parameters in
T33 and CTL and higher values of the inter-
cept  (ΔΨ  is  the  maximal  daily  amplitude
when  the  soil  water  content  is  at  field
capacity and the evaporative demand high)
and  slopes  of  the  regression  in  T33  and
T50.  These  results  suggest  likely  higher
transpiration rates (Rambal 1992, Borghetti
et al.  2004), but also a greater control of
leaf  transpiration  because  at  minimum
changes  in  pre-dawn  water  potential  the

amplitude  ΔΨ  approaches  zero.  This  is
defined as “regulatory behavior”, which is
typical of the xeric Mediterranean species
(Hickman 1970, Rambal 1992).

However, the plants were not exposed to
water  deficit,  and  the  irrigation  and  the
rainy  season  provided  ample  water.  Leaf
gas  exchanges  (carbon  absorption  and
water transpiration) that were measured in
the morning (at lower evaporative demand
compared  to  midday)  also  did  not  show
differences between the three substrates.
Leaf transpiration recorded the lowest val-
ues on August 31, though without changes
in water  use efficiency (data not shown).
The  ecological  conditions  in  which  the
plants grow play an important role in the
performance of the photosystem (Murata
et  al.  2007,  Demmig-Adams  et  al.  2014).
Indeed, it is known that high temperatures
associated with water stress stimulate the
photosystem efficiency  through a  quicker
electron  transport  between  PSII  and  PSI
(Bussotti  et  al.  2012).  However,  in  this
study, plants were watered, and in addition
the season was particularly rainy. The pho-
tochemical efficiency of V. tinus was similar
in  the  three  substrates.  The  polyphasic
chlorophyll  a fluorescence  transient  with
OJIP steps, which gives information about
the  efficiency  of  PSII  photochemistry,  in
general did not evidence abiotic stress con-
ditions. ΦPO was on average around 0.75 in
all  substrates,  similarly  to  other  experi-
ments  (Fini  et  al.  2013),  and  it  did  not
change  throughout  the  summer.  On  Au-
gust 31, plants grown in sediment mixtures
also showed higher performance index val-
ues for energy conservation from photons
absorbed by PSII to the reduction of inter-
system  electron  acceptors,  likely  associ-
ated with a better energy transfer by open
reaction centers at the PSII.  In T50, there
was  also  an  enhancement  of  electron
transport  from  PSII  to  PSI  (ΔVIP),  con-
nected  to  a  quicker  ability  of  ferredoxin
reduction,  used  to  reduce  NADP+  into
NADPH essential for the Calvin cycle.

On that date, air temperature at the time
of measurement was 29 °C, likely below the
critical value limiting photosynthesis in Me-
diterranean species  (Bussotti  et  al.  2014),
and CO2 adsorption was similar to the pre-
vious dates. This, being associated with the
enhanced  electron  transport  as  well  as
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Tab. 6 - Root ball and root assessment. (RUPT): Percentage of rupture; (RES): Resistance to penetration; (RW): Root dry biomass;
(Depth): deepening depth of roots; ; (*): a minimum part of fine external roots has been lost during the root ball extraction. Differ-
ent  letters within the same column indicate significant  differences  between means of  the three substrates  after  Tukey’s  test
(P<0.05, N=6 in each substrate). For qualitative parameters, the weighted average was calculated on the basis of the number of
occurrences of the classes in the point scale. The frequency of dead new thin roots in the substrates was compared using a χ 2 test
for 2-way tables (α = 0.05, df = 1).

Substrate Root ball deformation RUPT
RES

(Kg cm-2)
RW*
(g)

Depth
(cm)

Dead fine
roots (%)

Plants with >5%
dead roots (%)

CTL Rather compact < 30% 1.50 ± 0.66 a 54 ± 4 13.67 ± 1.51 18 ± 8 100
T33 Rather compact < 30% 1.58 ± 0.47 a 81 ± 13 16.50 ± 2.35 11 ± 13 50
T50 Breaking in big aggregates > 60% 0.55 ± 0.26 b 53 ± 30 13.67 ± 4.23 15 ± 18 50
Prob - - <0.05 ns ns ns <0.005
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PIABS,  would positively affect the CO2 fixa-
tion (Krall & Edwards 1992, Van Heerden et
al. 2007).

The long term effects of the physiological
behavior are then noticeable on plant size
and  growth.  The  above-ground  develop-
ment is crucial for its growth and commer-
cial purposes, as the below-ground appara-
tus and root ball  guarantee plant survival
at harvest and after transplanting (Davis &
Jacobs 2005,  Gilman & Sadowski 2014).  V.
tinus showed a good aboveground devel-
opment,  with  fairly  dense  foliage  and
branching,  with  no  difference  between
substrates. Moreover,  V. tinus has a dense
shallow root apparatus, likely with a large
number  of  active  root  tips,  which  would
favor  regeneration and transplanting suc-
cess  (Davis  &  Jacobs  2005).  Despite  this,
we observed mortality of thin roots (< 1mm
in diameter) in  all  substrates;  the control
recorded  the  highest  number  of  plants
with a  greater  percentage of  dead roots,
likely  due to compaction and temporarily
anoxic conditions (and maybe also related
to  the  fact  that  the  woody  frame boxes
probably  did  not  facilitate  water  percola-
tion). Moreover, a compact soil ball of fine
texture may present in the landscape a tex-
ture interface that would affect water cir-
culation,  so that  gradual  texture  changes
would be preferable for minimizing water
problems (Coder 2015).

Trees with fibrous root systems grow bet-
ter  in  a  looser  structure,  and  afterwards
are more successful  in transplanting than
those  with  coarse  roots  due  to  a  higher
regeneration  potential  (Struve  2009).  At
the  same  time,  a  dense  root  apparatus
reduces  the  level  of  root  ball  breakage.
Root  ball  is  important  also  to  determine
the  depth  level  of  the  structural  roots
(Struve 2009), though it may interfere with
the time new roots need to explore the soil
outside  the  root  ball  (Harris  &  Gilman
1993).

In  this  experiment,  the  substrates  with
sediments had a looser structure than the
control, and showed a level of breakage of
the root ball particularly high in T50 (with
more  than  60%  of  breakage).  Root  ball
compaction  is  particularly  important  for
preventing  the  loss  of  fine  roots  by  me-
chanical injuries and desiccation in digging
and preparing balled-and-burlapped plants,
though the length of  exposure to air  be-
tween extraction and transplanting is also
relevant  (Harris  &  Bassuk  1993,  McKay
1997,  Mena-Petite et al. 2001). Indeed, soil
removal from a root system can result in a
loss of up to 90% of absorbing roots (Jack-
Scott 2012, Hartmann et al. 2011, Kozlowski
& Davis 1975). Roots are extremely impor-
tant  because  in  close  contact  with  soil,
their loss and damage diminish the water
uptake capability  of  plants (Watson & Hi-
melick 1997, Koeser & Stewart 2008). How-
ever,  the technique of  planting bare root
plants,  together  with  accurately  applying
proper  care,  undoubtedly  cheaper  than
transplanting a balled and burlapped plant

or  one  in  a  container  (Yang  &  McBride
2003),  has  also  reported  positive  results,
with high rates of survival after transplant-
ing (Hensley 1993, Bassuk 2000, Buckstrup
& Bassuk 2000), so that the sediments may
be considered suitable for this kind of tech-
nique.

Finally,  this  study  showed  that  a  sub-
strate with 33% remediated sediments mi-
xed with  alluvial  soil  characteristic  of  the
Pistoia plain, resulted in conditions suitable
for  cultivating  V.  tinus.  If  we  considered
this percentage suitable also for other spe-
cies (Ugolini et al. 2015), we could estimate
for Pistoia province a soil recovery of 600-
1200 cubic meters per year, depending on
the species cultivated. In addition, due to
the  loamy  silt  texture  of  the  plain  soil
(ARPAT  2001),  the  remediated  sediments
would contribute to reducing the probabil-
ity  of  anoxic  conditions  which impair  the
quality of the root systems.

Conclusions
This  experiment  focused  on  the  use  of

phytoremediated  sediments  through  the
Agriport and  Cleansed methodologies,  in
plant  nursing  for  field-grown  plantations.
The  remediated sediments,  added in  per-
centages  of  33% and 50% by  volume to  a
loam sandy soil with a higher content of silt
(control),  significantly  improved  water
drainage.  In  the first  year of  growth,  the
species  described  here  (V.  tinus)  showed
physiological  performance  and  final  bio-
mass similar to the control. In mixed sub-
strates  as  well  in  the  control,  the  plants
showed some root mortality,  although in
the  control  the  frequency  was  higher.
However,  thanks  also  to  the  dense  and
fibrous root apparatus, a sediment concen-
tration up to 33% proved satisfactory even
for the root ball,  in  terms of  compaction
and likely breakage.
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