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ABSTRACT

Current modelling approaches often ignore the dyosof organic chemicals uptake/release in forest
compartments under changing environmental conditeord may fail in accurately predict exposure
to chemicals for humans and ecosystems. In ordevastigate the influence of such dynamics on
predicted concentrations in forest compartmentsyedlsas, on air-leaf-litter fluxes, the SoilPlugye
model was developed including a forest compartr(rewt, stem, leaves) in an existing air-litter-soil
model. The accuracy of the model was tested simgld¢af concentrations in a broadleaf woods
located in Northern Italy and resulted in satisfyimodel performance. lllustrative simulations
highlighted the “dual behaviour” of both leaf aritiel compartments. Leaves appeared to behave as
“filters” of air contaminants but also as “disperssebeing deposition flux exceeded by volatilipati

flux in some periods of the day. Similarly, liteeemed to behave as a dynamic compartment which
could accumulate and then release contaminantangioly air and vegetation. In just 85 days, litter
could lose due to volatilization, diffusion to de@nd infiltration processes, from 6% to 90% of

chemical amount accumulated over 1 year of exposigpending on compound physical and
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chemical properties. SoilPlusVeg thus revealedaalpowerful tool to understand and estimate

chemical fate and recycling in forested systems.

KEYWORDS : multimedia fate model, plants, litter, PAH, PCBkrassessment



INTRODUCTION

Vegetation has a fundamental function in contrgllar quality (e.g. reducing air concentrations of
chemicals and particulate matt@rerzaghi et al., 20)3and the accumulation of chemicals in
vegetation is the first step in the food chain ketanfluencing both human and environmental
exposure and therefore effects. For this reasogetadon uptake was accounted in current risk
assessment modelling tools (e.g. EUSES mode€l, 2004 to predict exposure through food.
However, it has been underlined the need for mgnamhic and ecologically realistic description of
vegetation uptake for improving human and ecoldgitsk assessment, given the substantial
simplicity of current regulatory approachdsQ, 2013. The role of vegetation in accumulating
organic contaminants was first studied in the 1988/ when different studies were conducted to
investigate chemical uptake by plant rodBsiggs et al., 1982; Briggs et al., 1983; Burkendan
Schnoor, 199Band leavesRacci et al., 1985; Bacci et al., 199Qater, the forest filter effect (FFE),
i.e. the ability of forest to efficiently sequestdremicals from air and transfer them to the swals
defined McLachlan et al., 1998and characterized for different types of forestser6tmann and
McLachlan, 1998; Jaward et al., 2005; Nizzetto bt 2006g9. Air-plant exchange was initially
regarded as mostly a unidirectional (airplant) flux for atmospheric pollutants; howevenuanber

of studies later demonstrated that leaves behawedymamic compartment which, in response to
environmental condition changes, can accumulate-@mit organic contaminantBdlla Valle et
al., 2005; Gouin et al., 2002; Hornbuckle et al996; Hung et al., 2001 as well as capture and
release particulate matter and its associated dadsr{i erzaghi et al., 2003 Litter was also shown
to be relevant in the accumulation or release gaoic contaminants, influencing concentrations in
air and controlling chemical transport across thsail interface Ghirardello et al., 2010; Liu et al.,
2013; Nizzetto et al., 20140ver the past two decades, interest in theabferests in the cycling
and fate of persistent organic pollutants (POPSs)itereased, as their potential to act as find sim

temporary repository of POPs has been recognizedlisosussedScheringer and McKone, 2003



Also the soil compartment has received much atianin the past twenty years since it was
recognized as playing an important role supplinggantant ecosystem services to humans and
environment, e.g., its buffer and filtering functitor pollutants allows groundwater and surfaceawat
protection (Adhikari and Hartemink, 201Brevik et al. 2015;Keesstra et al2012;Keesstra et al.,
2016. More specifically, a number of field studies waronducted to measure organic chemical
concentrations in different compartments (air, &saVitter and soil) of temperate, boreal and tabi
forests Choi et al., 2008; Jaward et al., 2005; Kompordataal., 2016; Moeckel et al., 2008;
Nizzetto et al., 2006b; Nizzetto et al., 2007; Blizzet al., 2008b; Su et al., 2007; Zheng et2415)
while some simplified modeling approaches were bigexl to estimate chemical fluxes between
these compartmen{Moeckel et al., 2009; Nizzetto et al., 2006b; Hizet al., 2007; Nizzetto et al.,
2008a) Recently, the use of a more detailed parametaizaf canopy Nizzetto and Perlinger,
2012 and of litter/soil Moeckel et al., 2008; Nizzetto et al., 2D#4change was suggested, in order
to further explore their potential influence onlgdddistribution and fate of organic chemicals.cgin
the late 1980s, a number of plant bioaccumulatiodets with different degrees of complexity were
developedBathia et al., 2008; Cousins and Mackay, 2001; &ze&t al., 2012; Fantke et al., 2011;
Komprda et al., 2009; Legind et al., 2009; Patersoal., 1991; Priemer and Diamond, 2002; Trapp
et al., 1994; Undeman et al., 2009; Wania and M¢ilac, 2001; Wegmann et al., 2008jowever,
most of these models consider only the variabititgxposure concentrations and assume that many
plant and environmental parameters are constamttowe, lacking ecological realisnEC, 2013.
Furthermore, they generally furnish a simplifiedcigtion and parameterization of the air and soil
compartments and totally ignore the presence dfea layer, although its inclusion in multimedia
fate models was demonstrated to significantly dherpredictions of organic contaminants between
air and soil Ghirardello et al., 2010 The aim of this study was to develop a new dyinamgetation
model that accounts for the variability of meteogital and ecological parameters and integrate it
in an existing dynamic air/litter/soil model (SduB) (Ghirardello et al., 201Q) The final model

(SoilPlusVeg) includes two air compartments (PlaBetndary Layer, PBL and residual layer), a
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multi-layered litter/soil compartment and a foresinpartment (leaves, stem, roots) in which organic
contaminants can partition and cycle. A preliminsepsitivity analysis of SoilPlusVeg model was
performed and model performance was also evaluategting an ecologically realistic and full
dynamic scenario developed in previous workrzaghi et al., 2015)llustrative simulations were
then run in order to show: i) the short-term vaitipbof phenanthrene air-leaf fluxes; ii) the seaal
variability of some Polychlorinated Biphenyls (PGBaxes in a forested system mainly focusing on
air-leaf-litter exchanges; iii) the potential of contaminated litter/soil system to recharge the
atmosphere and therefore act as a chemical soorreérfand vegetation. The results of the present
study, dealing with dynamics of air/plant/litterlssompartment interactions, could be relevant when

evaluating the exposure of humans and ecosysteorganic chemicals.

MATERIALS AND METHODS

2.1 Development of the vegetation model and integran with SoilPlus. A new dynamic
vegetation model, based on the fugacity apprdiidckay et al., 2001)was developed to simulate

a forest of trees composed of root, stem and mapartments. In this model, compartment capacities
are expressed in terms of Z valudaifle A.1) while transport and transformation processes are
computed by means of D value$aple A.8). Organic chemicals can reach the vegetation
compartments through dry gaseous deposition (abeo)pdry particle deposition, rain dissolution
of dissolved chemical, wet particle deposition adt uptake from soil; loss processes include
volatilization, wash off, wax erosion, litter fatlegradation and transfer from roots to soil; meeep
translocation through xylem and phloem allows tinengsical movement from roots to leaves and vice
versa. The assembled vegetation model was integiatean existing dynamic air/soil model
(SoilPlus) described in detail ®hirardello et al., 2010Figure 1 shows a schematic representation
of the vegetation compartments and their relatigosstvith the air and the litter/soil compartments
of the SoilPlus model. The resulting model (Soif®¥ag) includes: 1) two air compartments, namely

lower air (LA) and upper air (UA) representing tRBL and the residual layer respectively, which



vary in height and wind speed on an hourly bagig éhulti-layered soil, bare or covered by up to
three litter horizons; 3) a vegetation compartmehich can be composed of a mono-specific or a
multi-specific forest but it can also be parametatito reflect the characteristics of herbaceocastpl
and pasture systems. When the vegetation modeinteagated in SoilPlus, it was assumed that the
new compartments (roots, stem, and leaves) di¢merge the volume of the other ones (UA, LA,
litter and mineral soil) and that vegetation evagagpiration, although calculated by the model, it
was not parameterized at species level. Furthernmoder to distribute root volume in each soil
layer, considering the rooting distribution in stile Gale and Grigal modébéle and Grigal, 1987)
was chosen (more details are giverAippendix A.6). The litter/soil organic matter (OM) mass
balance of the SoilPlus model was improved considédM deriving from falling leavesAppendix
A.13). Moreover, mass transfer coefficients (MTC) and/ddues for the air-soil exchanges were
modified in order to consider the influence of tlegetation presence. More specifically, MTC for
absorption (Kv) and dry particle deposition gyto soil were modified during the vegetation pdrio
to consider the reduced turbulence of air undempthets; in addition, D values for rain dissolution
(DroissLa) and wet particle deposition (BepLa) were modified considering the fraction of wateatt
drip to soil after/without intercepting leaves, VehD value for dry particle depositionoBepLa was
correct to consider the particles not interceptedehves Appendix A.12). In the model presented
here, each compartment is described by a time depénmass-balance equation written in
differential form in which the chemical amount (@l the state variable. The left-hand terms of the
equations represent the variation of the chemizaumt (mol) in the compartments with tinteaple
A.10). The lettera- ¢ include the terms involved in the mass balafieble A.11). The mass balance
equations are 1st-order ordinary differential equmst (ODES), and the system is solved numerically
using a 5th-order accurate, diagonally implicit Be#Kutta method with adaptive time stepping
(ESDIRK) (Semplice et al., 2012More details about model parameterization cafobad in the

Supporting InformationAppendix A.1-A.14).
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Figure 1 - Schematic representation of SoilPlusVeg model. Theumbers indicate the vegetation compartment
processes: 1) Air-leaf transfer (absorption + dry prticle deposition + wet particle deposition + raindissolution);

2) Volatilization; 3) Leaf-soil transfer (wash-off + wax erosion + litterfall); 4) Stem-leaf transfer;5) Leaf-stem
transfer; 6) Roots-stem transfer; 7) Stem-roots trasfer; 8) Soil-roots transfer; 9) Root-soil transfe 10)

Degradation in leaves; 11) Degradation in stem; 12pegradation in roots. DOC stands for Dissolved Oranic

Carbon.

2.2 Sensitivity analysisA preliminary sensitivity analysis was conducted penanthrene (PHE)
and pyrene (PYR) as reportedAppendix B.1 according toMacLeod et al., 20Q2o investigate
which input parameters (I) have the strongest arfae on three outputs (O), i.e. concentrations in
LA, leaves and litter. The sensitivity (S) for teelected output parameters (O) to changes in the
individual parameters (1) was evaluated by varyagh input individually by 0.1% and by assessing

the absolute sensitivity of the outputs to thesenges as follows:



_|ao/o
S

whereAO andAl are the relative changes in the output and thatiparameter, respectively.

Three output parameters (PHE and PYR concentraiiorsA, leaves and litter) and 50 input
parameters were selected for the sensitivity arslydore specifically, concentrations of the last

hour of a year simulation were considered.

2.3 Simulation scenario for the model evaluationAn evaluation of the SoilPlusVeg model
performance was carried out for two Polycyclic Aaira Hydrocarbons (PAHs), PHE and PYR
(Table B.1) comparing model output of a one-year simulatiotn\& dataset of leaf concentrations
measured in a small broadleaf woods located iniontitaly (Como) in 200{Terzaghi et al., 2015)
The vegetation compartments were parameterize@é@sted inAppendix A. Simulations were
performed for a mixed broadleaf woods, composedCofnus mas(cornel), Corylus avellana
(hazelnut) and\cer pseudoplatanysycamore maple). Bud burst occurred on 15 Ma@d?Zor the

two understorey species (cornel and hazelnut),enhiéple leaves appeared about 3 weeks later, on
7 April. The growing season ended on 5 Decembectuiparison between predicted and measured
results was performed for a shorter period (15 MarcJune) and for only two species (cornel and
maple). The air compartments were parameterizegpasted irMorselli etal., 2011 Upper air height
ranged between 10 m to 2267 m while that of loviebatween 100 m and 3000 m, depending on the
season and the period of the day (day or nighthdvgpeed in upper air ranged between 0.2 m/s and
43 m/s, while in lower air between 0.2 m/s and 38.18uch data were calculated with the help of a
meteorological pre-processor (for details, Beeselli et al., 2012 starting from upper air soundings
and standard meteorological observations colledtetshg 2007 for a semi-urban site located in the
proximity of Milan, about 50-km away from Como. Evihough the topographical setting of Como
(situated North of Milan, bordering to the Alps nmbains) could determine differences in PBL height

and dynamics with respect to the Milan site (suligdly flat), this meteorological dataset was used
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because of its completeness and given the lack opger air sounding station in the surroundings
of Como. A single litter horizon (Oi) characterizbyg dynamic depth (~0.5 cm to ~3.5 cm), high
porosity, low field capacity and wilting point (s@ppendix C.1 for more details) and a 10 cm deep
loamy sand soil were simulated. The total thickradgke litter/soil system was ~10.5 cm - ~13.5 cm
depending on the period of the year. While the Borizon was subdivided into a number (20) of
0.005-m thick layers, a single layer of dynamicttiepas considered for the litter horizon to evaduat
how the change in some properties (such as porasdyrganic carbon) would influence the fate of
chemicals in this compartment. Organic carbon (@&jtions were set to 56% and 4% in the litter
and soil compartments respectively, while averdd@€ concentrations of 10 mg/L (mineral soil)
and 20 mg/L (litter) were assumed in spring, miikgb by a factor of 3 and 2 in summer and fall
respectively, and a factor of 0.5 in winter to a@btan annual average concentration of ~15 mg/L
(mineral soil) and ~30 mg/L (litter)Michalzik et al., 2001l These assumptions were made to
reconstruct a seasonal DOC production profile asriteed in the literaturék@lbitz et al., 2000 The

Oi horizon was assumed to be composed of fast diegyéeaves, with an average half-life of 84 days
(Jacob et al., 2009 the mineral soil had instead more persistenamiggcarbon (1% reduction in a
year of simulation) to simulate typical humifiedganic matter. Meteorological parameters such as
temperature, precipitation, solar radiation andifddncentrations were provided by the Regional
Environmental Protection Agen§¢gRPA, 2014pn an hourly or daily basis for 2007 for Como city
In order to run the model, an estimate of the elonssonditions was needed. The PAH sources were
calibrated to reflect the observed range of valitgbin measured concentration¥grzaghi et al.,
2015) More specifically, the direct chemical and BMmission to lower air were calibrated in order
to obtain the best possible fit to the range ofsnead air concentrations (average of the week)gwhi
a PMo background concentration equal to the lowest nredstoncentration (Zg/m®) was assumed.
No background concentration for chemical was caned. InAppendix C.2 more details about

chemical emission in LA can be found.



2.4 Simulation scenario for the model illustration.The following illustrative simulations (i, ii, iii)
were performedi) The short-term variability of PHE air-leaf exclgee was investigated. More
specifically air-leaf fluxes obtained from modeb&yation simulations were interpreted considering
the daily variability of meteorological parameteas,compartment structure and chemical emission.
i) Five PCBs of different physical and chemicabperties Table D.1) were simulated to investigate
the seasonal variability of chemical fluxes in aekied system mainly focusing on air-leaf-litter
exchange. A one year simulation was run adoptiegstime scenario described in section 2.3, but
assuming a chemical background concentration of 0,35, 3, 2, 1 pg/ffor PCB 28, 52, 101, 153,
180 respectively and a Rdlbackground concentration of 15 pd/mvhich are in the range of
concentration measured by our group in a remotsted area (Lys Valley) located in Northern Italy
(Nizzetto et al., 2008biii) The role of a contaminated litter/soil sgst in acting as a possible PCB
source for the overlaying vegetation was estimaftéia another one year simulation, maintaining the
background air concentration to zero and settisgstime chemical amount reached in litter and soil

at the end of previous simulations.
RESULTS AND DISCUSSION

3.1 Sensitivity analysisThe sensitivity of the three outputs to changeth@most influential input
parameters are shown kigure B.1-Figure B.3 while a complete list of results can be found in
Table B.2.PHE and PYR concentrations in LA were mostly addbdy emission in LANIOL_LA),

LA height HeightLA), wind speed in LAWindSpeedL)A(S-1) and domain size&s{mAred (S~0.5).
These parameters affected similarly concentrationdeaves and litter. For PHE and PYR
concentration in leaves one of the most influerp@lameters was air temperatur(rlyTemp
(S~1.5), followed by plant-air partition coefficigfiKpa_monosp(S-0.7 ands-0.5 for PHE and PYR
respectively) and other parameters involved inkhg estimation (Specific Leaf Ares(A (S~1),
enthalpy of phase change between plant andDailtdHPA (S~0.8) and SLA at full development of

leaves ELAstablg (S-0.7 andS-0.5 respectively)). Considering litter concentagiorganic carbon
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partition coefficientKoc) (S~1) was among the most sensitive parametdosvet by some physical
and chemical properties (water solubility/gd (S~0.8 and S~0.6, respectively) and vapour pressu
(VP) (S5~0.8 and S~0.6, respectively)) and air tempeeatHourlyTemp (S~0.6 and S~1,
respectively). In addition, DOC partition coeffinote(Kdog and DOC concentratiorDOCcong
seemed to affect litter concentrations, althougth &idifferent degree for the two chemicals (S~0.2
and S~0.7, respectively). Being a local sensitiatalysis (i.e., one parameter varied a little at a
time), the approach presented here did not allgtucang, for example, the effect of the interacton
among parametefgugusiak et al., 2014however, it helped in the identification of theykinput

parameters to which particular attention shoulgdne in order to obtain accurate results.

3.2 Model evaluation

3.2.1 Predicted vs. measured leaf concentrationdourly predicted concentrations in cornel and
maple leaves were compared with data measuredeaotteee-month period (15 March — 7 June)
reported inTerzaghi et al.,, 2018Figure 2). More specifically, measured concentrations were
compared with values predicted at h 12:00 of eawhpiing day to match leaf time collection
(between h 11:00 and h 13:00). Modelled concewinatin leaves (solid lines) generally reproduce
the seasonal pattern of the measured ones (bldsk @dowhich leaf concentrations oscillate within
a small range according to the air concentrati@mds influenced by chemical emission and
meteorological parameterBdrzaghi et al., 20950nly cornel leaves, which appeared 3 weeks befor
maple, show a concentration reduction after tret §ampling event (29 Mar), caused by a decrease
in air concentrationg-igure C.11 shows the comparison between: 1) measured, 2)cpeddat h
12:00, and 3) predicted daily average concentrationeach sampling day. Model results showed a
good agreement with measured data, considering fplattit species and both chemicals, with a
guotient between predicted and measured concemtr@&igure C.12) that ranged between 0.5to0 2.5
(PHE, maple), 0.4 to 1.3 (PHE, cornel), 0.4 to (¥R, maple) and 0.6 to 2.3 (PYR, cornel). The

accuracy of SoilPlusVeg model predictions was simib that of other dynamic bioaccumulation
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models which include a vegetation compartmétarike et al., 2011; Nizzetto and Perlinger, 2012;
St-Amand et al.,, 2009; Undeman et al., 200@ome 10-year long simulations were previously
performed to verify the possible role of increagyrpntaminated litter and mineral soil to influenc
the air compartment; this resulted in a volatii@atflux from litter which represented just <0.05%
of direct emission in air and caused variationaimand leaf concentrations lower than 0.01% and

0.8% respectively, therefore not deviating from sugad concentration significantly.

3.2.2 Importance of spatial/temporal specific scemis. Box-plots inFigure C.13show the daily
variability of predicted concentrations: measuratiigs (black bars) generally fall between th& 10
and 90" percentile of the daily predicted concentratiostrihution or were close to the minimum or
the maximum with a few exceptions. Predicted cotreéinns in leaves varied by a factor of 1.4 to
5.4 for PHE and 1.1 to 1.4 for PYR within the dagr{sidering min and max values) due to the
influence of meteorological parameters and air cantmpent structure. However, given the rapid
response of leaves to air temperatures (Terzaghli,e2015) the sometimes observed discrepancy
between measured and predicted concentrationawedecould also be ascribed to a difference of air
(and therefore leaf) temperatures between predietnal sampling time. Additionally, the sometimes
measured concentrations are closer to predicteceodrations at a different time than h 12:00. This
could be ascribed to the scenario adopted to romulations and other uncertainties in model
parameterization. The model scenario employs meliegical and ecological parameters and air
compartment structure which were not measured lxaicthe same time (SLA, LAI) or place (PBL
height, wind speed, rainfall, solar radiation, temgture) of leaf concentrations. Furthermore, due t
lack of information, chemical emission was calibthtonsidering weekly average air concentration
and traffic as possible source of PAHSs, ignoring plossibility of higher peak emissions on specific
days of the modelled period. Some of these param@enperature, emission to air, lower air height,
wind speed and SLA) resulted to significantly ieihce (S ~1) leaf concentration during the
sensitivity analysis. Recentlakaki et al., 2014 and Trapp, 20h&ve recognized the importance of

using site-specific data to improve the accuracpretlictions when modelling organic compound
12



accumulation in vegetation. This could explain Patie PYR prediction for maple leaves on 12 April
for example: the overestimation by a factor of e2ld be ascribed to the maple SLA value which
being at its maximum level influenced accumulatiooreasing ka (see Eq. (A.14)). More
specifically, ecological parameters used to buikldvaluation scenario were measured in 2012, five
years later than the PAH determination in air aayés; although the beginning of the 2012 growing
season was shifted to match the leaf developmant st 2007 Terzaghi et al., 2005 the time
employed to reach maximum SLA value after bud bdusing the different vegetative seasons was
assumed not to change, although a delay of abaeiek was observed (data not shown) during two
consecutive vegetation seasons (2011 and 201Bg¢isame woods. Predicted concentrations in the
two species did not always show the same devidt@mn measured values; this probably depends
on: 1) species-specific features that now in So8Wkeg are assumed to be the same for both species
such as permeance into the cuticle and mass traosédficient for absorption and dry particle
deposition; 2) not species-specific air-leaf chehituxes but referred to canopy as a whole,
SoilPlusVeg being a "big leaf" model and 3) the ssimn calibrated to match measured air
concentration (at 1.5 m height) probably betterespnted cornel exposure conditions (being an
under canopy species) rather than those of maglpefucanopy species). However, given the
conditions outlined above, the predicted results @nsidered to give consistent and satisfying

results, confirming the adequacy of the simulatoanario and parameters applied.
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3.3 Model illustration

3.3.1 Short term variability of air-leaf exchange ). The diurnal variability of air-leaf exchange
was investigated considering the fluxes resultrogifmodel evaluation. This is important to evaluate
potential reversal of flux during the 24h cycle aiscignificanceTable D.2summarizes yearly min,
max, mean and median input and output fluxes toYfleaves for PHE and PYR. Again, fluxes refer
to the canopy as a whole and not to single speéibsorption followed by volatilization and
degradation were the most important fluxes to aochfleaves. A three-day period (11-13 April) was
chosen to evaluate how the variability of meteggaal parameters, together with chemical emission
in air, can influence the uptake/release of PAHplayts. PHE air and leaf concentrations, PBL
height and chemical emission trends during thecsaleperiod are depicted Figure D.1, while
absorption and volatilization fluxes to/from leawass reported ifrigure 3together with PBL height

and temperature.
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4.E-05 A -3 T30
3.E-05 - - /"\\\.‘ il
= 2 20
S 2E05 /~\ g e
+1 T10
1.E-05 - ~
0.E+00 === S ah . = ‘Z.S =l 9 + 0
M N M N M N M

Time (h)

Figure 3 — Absorption, (solid black line) and volatization (solid grey line) fluxes (Abs flux and Vdé flux
respectively), temperature (red line with square meker) and PBL height (light blue line with triangles marker)
trend during a three-day period (11-13 April) for PHE. “M” means midnight while “N” stands for noon.

Predicted concentrations in leaves followed aircemtration changes caused by the variability of
PBL height and chemical emission. In general aicentrations were higher during night time hours
when PBL was low and chemical emission was stijhhle.g. from 18 to 22 h of 11 April). On the
contrary, during night time hours characterizeddwer emission (e.g. from 1 to 5 h of 12 April),

PBL influence was less evident. During daytime Bpuaiespite the higher chemical emission, the
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increase of PBL height caused a dilution of chemicaair resulting in lower concentrations.
Generally, night time air concentrations exceedmgltine concentration of an average factor of 16
in this 3-day periodAs appears frorfrigure 3andTable D.3,during certain hours the volatilization
flux of PHE from leaves exceeded absorption indhigathat leaves could act as "dispensers"” of air
contaminants, not just air "filters", depending wreteorological conditions. More specifically,
chemical release from leaves could happen bothngulaytime hours (driven by temperature
mediated volatilization together with chemical desd inversion caused by the increase of PBL
height) and during part of the night time hoursu&sd by emission reduction and therefore chemical
gradient inversion). Concentrations in leaves weffactor of ~2 higher at evening (after 5 p.m.),
night and early morning (until 7/8 a.m.) hours widispect to the other period of the day. This is an
example of typical behaviour and it agrees wtling et al., 200which showed that the diurnal
variation in grass concentration caused by the éatpre-induced exchange of PCBs between the
plant surface and the atmosphere resulted in higloesentrations at 6 am (45 pg/g) and the lower
concentration throughout the warmer parts of the(@8-30 pg/g). Therefore, plant leaves can be
seen as a dynamic compartment which contributtsetdiurnal variation of organic contaminant air
concentrations, which deposit or volatilize froreittsurface in response to changes in environmental
conditions(Hornbuckle and Eisenreich, 1996; Gouin et al., 208izzetto and Perlinger, 2012; Bao
et al., 2016) Leaves can be one of the major air short-termcasuand sinks of many persistent

organic compound®ialla Valle et al., 2004)¢onsidering their surface area.

3.3.2 Seasonal variability of air-leaf-litter exchages (ii). Preliminary comparisons showed good
agreement (within a factor of 1.2-3.9) between jated and measured concentrations in leaves and
litter collected in the Lys Valley (Nizzettt al., 2008b; Moeckel et al., 2008dicating that, with a
more detailed and site-specific scenario definjt®ailPlusVeg would be a powerful tool to predict
and understand chemical fate in vegetated systBneslicted concentrations in mineral soil were

orders of magnitude lower than the measured on#sihlre measured values being the result of more
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than 70 years of exposure, depending on PCB praaiuand use (Kimbrough and Jansen, 1989).
Figure D.2 shows air, leaf, litter and mineral soil (averaid0 layers) fingerprints at the end of the
year: in the air compartment the less chlorinatedmound (PCB 28) predominated, while in leaves
and Oi layer a higher contribution of more chlotethPCB appeared; moving from litter to soil, less
hydrophobic congeners dominated the fingerpiingfre D.3). This can be attributed to diffusion
and leaching of more water soluble congeners idigsolved phase. The transport of freely dissolved
chemicals masked DOC mediated infiltration, whiblewdd favor the more hydrophobic chemical
movement Moeckel et al., 2008 This behaviour is shown iigure D.4, where diffusion, leaching
fluxes of truly dissolved and DOC associated PCBag8 PCB 180 are depicted. In order to
investigate the seasonal variability of chemict fand cycling in the air-leaf-litter system, teadt
and the most hydrophobic congeners (PCB 28 andF80Bwere selected for comparison. Note that,
although included in the mass balance, air-leahamge was not shown here, being investigated in
detail in the previous sectiofigure 4 shows the seasonal accumulation (rfy/for a clean litter
compartment exposed to background contaminatefdradr one-year simulation. A different picture
appeared for the two compounds of contrasting physind chemical properties: while PCB 180
accumulated during the whole year being less atetty loss processes, PCB 28 accumulation
occurred for a shorter period (the first month) witee constant chemical input from air (leaves had
not appeared yet) was not exceeded by chemicadoss the following months, litter exhibited a
reduction in PCB 28; about 70% and 30% of the irfloxies were re-volatilized in air or transferred
to mineral soil (diffusion + infiltration) respeggly; at the end of the year, litter fall contribdt

(mainly in October and November), resulting in pidancrease.

17



571 ' T
:
o PR contaminated air : clean air N
£ £
c) —
=3 £
N ' T o
o0]
2t a g
m ) m
O | ' =T @)
o e ! o
i
0 0
c 2 553 <S35 923830 S ¢ s53cEs 2% 36
SP=s<ss33FFozo0 SP=<=333IFF0=za

Figure 4 — PCB 28 (orange) and PCB 180 (black) accwlation in litter from background air and reductio n
following a decline in emissions to air

In Figure 5 andFigure D.5,the seasonal variability of air-litter, leaf-litjditter-air and litter-mineral
soil transfer is compared. PCB 28 air-litter tramsfid not show much change during the year with
absorption the most important deposition proces8506 of annual air inputs). In contrast for PCB
180 wet particle deposition-(0% of annual air inputs) contribution appearedrduthe rainiest
months. For both chemicals, leaf-litter exchangruased higher values during October-November,
with litter fall the main process compared to washand wax erosion (90% and 70% of annual leaf
inputs for PCB 28 and PCB 180 respectively). PCBi@@ative net fluxes indicated net release from
litter towards the air and underlying soil. Re-tization was the dominating loss process for PCB
28 representing 30-92% of inputs (air-litter + lgder fluxes), with the maximum during the hottes
month (July)Figure D.6, while it was lower for PCB 180 (0.10-25%). Trasrsto deeper layers
mainly occurred through diffusion for PCB 28 (10%6&f inputs) and both by infiltration and
diffusion for PCB 180 (0.75-41% and 0.14-56% res$ipety). In particular conditions, when the
infiltrating water was maximized (heavy rainfal)daDOC concentrations were higher (i.e. August,
September, and November), the role of DOC accouoteth-87% of PCB180 losses, compared to
3-15% from volatilization and 5-23% from diffusio®iodegradation was negligible for both
chemicals (<2% of inputs). This is in agreementhwitu et al., 2013who reported that, litter

volatilization fluxes represented about 70% and 3f%tal loss for PCB 28 and PCB 180 (native
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congeners) respectively and that leaching fluxeded to be higher than volatilization for heavier
compounds. However, when a contaminated soil isidened (such as in Lys Valley, with PCB 28
and PCB 180 at 62 and 430 pg/g d.w. respectiveyJlixes do change in direction and amount: for
PCB 28 volatilization goes up to a factor of 20ttwa maximum of about 1200 pg/month) and
diffusion direction is now upwards; for PCB 180 afilization goes up of a factor of 5 (with a

maximum of about 10 pg/month) and here as welttfigsion direction is upwards.
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Figure 5- Air-litter (light blue), leaf-litter (gre en) and litter-air (orange) fluxes (ug/month) of P@ 28 (a) and PCB
180 (b)

The results presented here show that the seagodalien by air temperature (which influences re-
volatilization), rainfall and DOC concentrationshpgh influence infiltration) appeared to be relevan
in determining PCB concentrations in litter and ithenobilization towards the adjacent
compartments. Some litter characteristics, i.e. @Mtent and total porosity, may also play an
important role in influencing litter concentratio®®r PCB 28, remobilization of substantial amount

stored previously was favoured by OM mass mineatibn before litter fall starts: because of its
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physical chemical properties (lowep PCB 28 can reach equilibrium between air and rairs»il
faster than PCB 180; OM decomposition increased P&Rigacity resulting in a fugacity gradient
back to overlying air and to underlying sddeckel et al., 200Q8Litter porosity instead, is involved
in volatilization and diffusion processes; the siated litter was characterized by a high porosity
(0.95-0.99 crien?) and a low bulk density (0.002-0.015 gRnbeing made up of dead leaves not
yet formed into a compact layer. This would enhastemical movement from litter towards air and
mineral soil through volatilization and diffusioGompared to a mineral soil layer (total porosity of
0.44 cni/cm?), the volatilization and diffusion potential coudé double for this type of litter. Total
porosity could vary moving from organic horizonsrnoneral layers, but also from broadleaf to
conifer species: broadleaf litter has a large sarrea and often “curls” create air spaces withgn
litter layer Figure D.7); this gives less mass per volume than a neeittedlayer produced in a pine
forest Ottmar and Andreu, 20Q07Moreover, broadleaf litter is typically fresheand less compact in
late summer/autumn than in winter/spring when smowainfall events can compress it. This
highlights the need to measure litter porosity emahposition evolution to obtain accurate prediction
of chemical fluxes for different type of forestedently, OM turnoverdheng et al., 200)%and forest
species composition (broadleaves vs. conifdtg)r{prdova et al., 20)6were identified to be key
factors in influencing organic chemical fate in thter/soil system; organic chemical translocation
from upper to lower organic horizons appeared tmbee rapid in the broadleaf deciduous forest due

to faster litter and OM turnover compared to miged coniferous forests.

3.3.3 Potential of a contaminated soil-litter systa to recharge the atmosphere (iii)PCB 28
showed a more dynamic behaviour in response tthaimical emission cease, since in 85 days 90%
of the amount accumulated in the previous yearlagts with about the 80% lost in the first month
(Figure 4); this compared to a reduction of just 6% for P@B Figure D.8). PCB 28 left the litter
compartment mainly by volatilization and diffusitmdepth (~35% and 60% of output respectively);
in contrast infiltration was the main loss procéssPCB 180 (24-86%), followed by diffusion to

depth (6-49%). Diffusion to depth was also imporfan PCB 28, but balanced by diffusion up, did
20



not cause net losses. The role of litter as a piatesource for air and therefore vegetation is
represented ifrigure D.9, where the response of air concentration relaid@iGB 28 and PCB 180
transfer from litter is showrlitter, similarly to what was shown for the leavesems to act as a
source for air and therefore vegetation, in paldicsituations, for example, when air concentration

decreases due to a change in wind direction brinigies contaminated air.

3.4 Relevance for risk assessment

The knowledge of the dynamics of air/plant/litteif$nteraction may be useful when evaluating the
exposure of humans and ecosystems in many way&xaonple, diel variation of concentrations in
air could be deeply influenced by the presenceegktation and litter, as well as by the seasonality
and meteorological conditions. Similarly, vegeatatconcentrations of toxic chemical can vary in
time, possibly showing unexpected behaviours: afteinitial phase of accumulation, concentration
in leaves can respond dynamically to air conceintmathanges and therefore if vegetation biomass
is used as food by humans or other consumers iectbe&ystem (e.g. cattle) could determine a variable
exposure depending on time, season, species aneomleigical condition when grazing or

consuming.

4. Conclusions

A new dynamic vegetation model (SoilPlusVeg) thatoaints for the variability of meteorological
and ecological parameters was developed and itéebiman existing dynamic air/litter/soil model.
A preliminary sensitivity analysis highlighted th@portance of the air compartment structure,
meteorological/ecological variability, litter chataristics and chemical emission in influencing air
leaf and litter concentrations. During the modehlaation procedure, good agreement between
measured and predicted leaf concentrations wasebltalrhe importance of using site-specific data
to parameterize the model in order to improve thaeacy of model predictions was recognized.

Three model illustrations revealed the “dual bebawi of leaf and litter compartments. Both leaves
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and litter behaved as dynamic compartments whictdcaccumulate or reemit organic chemicals.
The SoilPlusVeg model could therefore be considergawerful tool to understand and estimate
chemical fate and recycling in forested systemgheevaluation of the exposure of humans and

ecosystems to organic chemicals.
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