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Abstract

Purpose Green roofs (GR) offer a way to improve several
ecosystem services in cities. However, the performances of
GR are basically considered as steady over time whereas they
are living media subject to ageing that are rarely managed by
their owners. This study transposes a pedological approach to
evaluate changes in GR physical structure and chemical com-
position over time.

Materials and methods A full-scale experimental plot with
various vegetation cover was studied. A dedicated sampling
strategy was implemented to monitor substrate’s evolution
over 4 years. Then, physical and chemical characterisation
(carbon and nitrogen contents, particle size distribution, po-
rosity, soil water retention) was conducted and compared to
results on the original substrate.

Results and discussion The upper layer of the substrate (0 to
5 cm depth) contained a large amount of fine and short roots
whereas the root density was much smaller in the lower layer of
the substrate (5 to 10 cm depth). There was a global drop of the
organic carbon content from 5 % in the initial substrate to 2 %
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in the 4-year-old substrate. On the contrary, the nitrogen con-
centration has increased by 0.4 % during the same period. The
mesoporosity decreased drastically from 0.11 to 0.02 cm® cm .
On the whole substrate, the <2-mm particles fraction was small-
er after 4 years (12.5 %) than in the initial substrate (18.2 %)
which was especially obvious in the upper horizon (9.5 %).
Additionally, the monitored properties also varied significantly
as a function of soil cover (sedum, moss and bare soil).
Evidences of an early pedogenesis were highlighted such as
poral evolution and fine particles eluviation.

Conclusions In conclusion, the study demonstrated the effects
of time, climate and vegetation on physical and chemical
properties of green roof substrate. They are not only classified
as Isolatic Technosols due to their composition and implemen-
tation; they also exhibit one of the major characteristic of
young Technosols: a fast and intense pedogenesis.

Keywords Green roof - Isolatic Technosols - Pedogenesis -
Substrate - Temporal changes

1 Introduction

Increasing use of green roofs (GR) on the top of the buildings
of our cities rely on their acclaimed benefits regarding local
climate and storm water regulation (Mentens et al. 2006;
Alexandri and Jones 2008) as well as their contribution to
urban biodiversity (Maclvor and Lundholm 2011). Such eco-
system services are progressively evaluated in a variety of
situations and climates through scientific studies (Moran and
Smith 2005; Carter and Jackson 2007). However, the perfor-
mances of GR are basically considered as steady over time
whereas they are living media subject to ageing that are rarely
managed by their owners.
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Considering their composition—mixing of extracted and
transported materials form natural origin such as pozzolana
or peat and man-made products such as bricks and compost
that all are defined as “artefacts” (IUSS 2014)—and the way
they are implemented (presence of a geomembrane), green
roofs belong to the “Technosol” Soil Reference Group
(IUSS 2014). Their main attribute is clearly defined under
the qualifier “isolatic: having, above technic hard material,
above a geomembrane or above a continuous layer of artefacts
starting <100 cm from the soil surface, soil material containing
fine earth without any contact to other soil material (e.g. soils
on roofs or in pots)” (IUSS 2014). Moreover, their properties
are dominated by the technical origin of their parent materials.
We propose to classify them as Isolatic Technosol (Drainic,
Folic and Transportic).

As Technosols, GR substrates are reactive media that can
be submitted to an early and fast pedogenesis that lead to an
evolution of their physical and chemical properties (Sér¢ et al.
2010; Huot et al. 2015; Leguédois et al. 2016). Evidences of
the evolution with time of the chemical composition of differ-
ent GR substrates were demonstrated, but the results are
contrasted. Emilsson et al. (2007) observed a decrease with
time of organic matter, whilst Schrader and Boening (2006)
described enrichments in both organic carbon and total nitro-
gen contents. Concerning physical characteristics, a study on a
S-year-old substrate showed that the water holding capacity
has increased compared to a new one (Getter et al. 2007),
whereas Mentens et al. (2006) evidenced the lack of influence
of the age of the GR on its hydraulic behaviour. Very recent
works focused on such a target as the highlighting of drastic
evolution of GR’s physical properties. De-Ville et al. (2015)
interestingly described the fact that the upper layers of two
different aged substrates have an increased number of finer
particles whereas the lower part exhibited few changes. This
increase was attributed, amongst other factors, to atmospheric
particles deposition and weathering processes. They observed
that the development of roots led to a leaching of organic
constituents and a consequent local enrichment in organic
matter. Finally, the authors also demonstrated a decrease of
total porosity, with antagonistic results about the fine and the
open porosities, considering one or the other substrate. As a
consequence, De-Ville et al. (2015) estimated that such an
evolution could influence green roof performances, especially
as water regulation is concerned. These results are absolutely
consistent with another study that suggested a decrease of the
hydraulic performances of a GR due to an evolution of
its physical organisation (Bouzouidja et al. 2016). All of
this work focused on the substrate study that has most of
time heterogeneous and diverse geographical origin.
Consequently, the contradictory aspect of performance may
be linked to this.

Thus, it appears that soil science is progressively transpos-
ing its methods to study physical and chemical properties of

such an artificial medium as GR substrate. Beyond their WRB
soil classification, do GR behave like soils? Are they submit-
ted to a fast and intense early pedogenesis like other
Technosols? The present work aims at: (i) defining relevant
sampling and measurement strategies to exhibit the evolution
of an aged GR substrate over time (ii) describing such trans-
formations in terms of pedogenic processes.

2 Materials and methods
2.1 Experimental site

This work was based on an in situ experimental GR plot set-
tled in Tomblaine (north-east of France, 48° 40’ N 6° 13’ E,
under temperate climate). The local meso-climate is semi-
oceanic with a continental degraded marked influence, with
an average annual precipitation of 763 mm. The average ex-
ternal temperature is 10 °C with high amplitude of variations
between summer and winter (Bouzouidja et al. 2013).

The green roof platform, built in July 2011, is placed above
an approximately 6 m in height flat roof building. The overall
GR surface area is 600 m>, 40 m? of which were studied for
this work (Fig. 1). The substrate is a man-made porous medi-
um composed of pozzolana (60 % of 3- to 6-mm particles and
20 % of 7- to 15-mm particles) and organic parts (10 % of peat
dust and 10 % of maritime pine bark). The thickness of this
layer is comprised between 7.5 and 9.5 cm. Vegetation plants
that were installed are classically: Sedum album, Sedum
reflexumlarix, Sedum reflexum germanium, Sedum

Fig. 1 View of the experimental green roof platform located in
Tomblaine (54), France and 10 cm deep soil profile of the 4-year-old
substrate (pictures taken the 11/05/2015)
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sexangulare and Sedum floriferum (Bouzouidja et al. 2013).
These plants do not exceed 10 cm in height.

2.2 Sampling and in situ measurement strategy

Two time steps were studied: original substrate (SO) and 4-
year-old substrate (S4). We based the sampling on the obser-
vation of the substrates vertical profiles and decided to split
them into three sub-horizons: 0—2 cm, 2—5 ¢cm and 5-10 cm,
based on visual parameters (root density and structure evalu-
ation) (Fig. 1). The soil cover was also taken into account by
sampling on zones covered by sedums (S-sedum), by moss (S-
moss) and bare soil (S-bare). Each soil cover was replicated
three times. Each time, undisturbed soil cores (251 cm®) were
sampled.

The measurement of plant coverage was performed using
three permanent quadrats (1 m X 1 m) and the photographic
method according to Magill (1989). Every picture was
analysed following the method described by Folk (1951) to
assess the vegetation cover fraction.

An observation of the roots distribution was realised on the
aged GR on S-sedum. The used method was based on in situ
mapping protocol described by Tardieu and Manichon (1986).
This measurement was conducted on three replicates, on a
surface of 900 cm”. For each sample, a regular grid
(0.5 cm x 0.5 cm) was applied on the soil profile. The root
occurrence is defined by a coloured cell and its absence by a
white cell.

2.3 Substrate characterisation

The samples have been air-dried during 48 h. They have been
sieved at 5, 2 and 0.2 mm. All fractions have been collected,
weighted and characterised for total carbon (Ctot) and total
nitrogen (Ntot) (vario Micro cube, Elementar).

Bulk density has been measured thanks to core-sampling.
The solid density was measured with a helium pycnometer
(Quantachrome UltraPyc 1200) based on NF P18-554. Total
porosity (6) was then calculated after (Eq. 1).

Pa
Pr M

where p, and p, are respectively apparent and real soil density
(kg m ).

The soil water retention characteristics, i.e. volumet-
ric water content at field capacity (Ogc) and permanent
wilting point (8pwp), were determined on a pressure
plate apparatus at —10 kPa (—100 c¢cm) and —1500 kPa
(=15000 cm), respectively (Bruand et al. 1996).
Macroporosity (Mp), mesoporosity (mp) and micropo-
rosity (up) were estimated according to Peverill et al.
(1999). The relationship between porosity and soil
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moisture explained by water content at field capacity
(Bfc), permanent wilting point (Bpwp) can be deter-
mined as:

Mp = é_eFC (2)
mp = O pc—Opwp (3)
up = epwp (4)

All results are presented with the average value and the
standard error over the three replicates except C and N con-
tents of the initial substrate (S0) because a single sample was
characterised.

3 Results and discussion
3.1 Vegetation development

The development of vegetation on the different plots was fast
during the spring and summer of the first year (2011) and
reached its plateau (between 90 and 95 %) in August 2011
(Fig. 2). The most present sedum plants were of different
species, mainly: S. spurium, S. album and S. floriferum with
respectively 39, 26 and 21 %. The plant diversity exhibited
small changes that were not significant over time. During this
time, mosses and unvegetated zones have developed them-
selves punctually due notably to local floodwater events.
The vegetation cover fraction slightly decreased after 2013
(88 % in April 2013, 82 % in April 2014 and 72 % in April
2015). Our observations are coherent with those from
Nicholson (2004). They made a survey of the vegetation of
a GR located in the London area 10 years after establishment;
they found that mosses were also frequent in the more open
areas and north-facing orientation.

Figure 3 presents three replicates of root profiles on S-se-
dum. Two distinct sub-layers are clearly visible. The top layer
(0-5 cm) contains a large amount of roots (31.2 % +4.3 %).
Oppositely, the root density is much smaller (8.4 % +4.7 %)
in the lower layer (5-9 cm).

Maclvor and Lundholm (2011) reported that vegetation
roots development causes the substrate restructuring. In this
work, the upper part of the substrate was highly colonised by
roots which led to an increase in fresh organic matter. Such a
result is consistent with the evolution of physical parameters
highlighted by Schrader and Boening (2006).

3.2 Organic matter and nitrogen dynamics

There was a drastic decrease of the organic carbon content
between the initial substrate ([Ctot]sg=5.09 %) and the aver-
age 4-year-old substrate ([Ctot]g4 =2.10 % + 0.65 %) (Fig. 4).
Concentrations also varied significantly as a function of soil
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cover, especially at the surface (0—2 cm). The higher content
was under the sedum cover ([Ctot]s4_sequm = 2.87 % £0.44 %),
then the moss cover ([Ctot]s-mess = 2.62 % £ 0.53 %) and the
bare soil at last ([Ctot]s4-pare soil = 1.98 % £0.57 %). Changes
in total carbon concentrations profiles were also observed with
a decrease from the surface to the depth for both sedum and
moss covers (Fig. 4). Oppositely, a small increase was ob-
served under bare soil for the 2—5 cm sub-horizon compared
to the surface.

To explain the global decrease of organic matter over time,
two hypotheses could be formulated that are supported by a
previous work (Chow et al. 2006). Indeed, peat materials are
formed under specific conditions, very different from the GR
environment. It appears especially that the temperature varia-
tions and the wet-dry cycle effects strongly enhance the or-
ganic carbon mineralization. Nevertheless, maximum miner-
alization rate that was measured under controlled conditions
was around 1 g kg ' over 2 months (Chow et al. 2006). Over
4 years, considering a constant intensity (which is unrealistic
and overestimated), it would correspond to a decrease of
2.4 %, which is slightly below the observed 3 % mentioned
before. As a consequence, it is reasonable to suppose that an
additional organic carbon dissolution and vertical transfer
probably happened in the GR following mechanisms that are
described by Chow et al. (2006) and Vodyanitskii (2015).
Besides, some further consideration will be assessed below
about particles transfer. Apart from that, it can be suggested
that the surface enrichment is basically due to and also de-
pending on the vegetation development.

In a very different way, nitrogen concentration increased
over time between the initial substrate ([Ntot]so=0.13 %) and
the average 4-year-old substrate ([Ntot]g4=0.54 % +0.20 %)
(Fig. 4). Similar trends as for carbon were observed: higher
concentrations under vegetation (even if the nitrogen content
was higher under moss than under sedum) and decreasing

June 11 August 11 April 12 April 13 April 14 April 15

concentrations from the surface to the bottom part of the
substrates.

Organic matter mineralization is a logical explanation to
explain nitrogen increase over time. Consistent observations
have been made, especially by repeatedly measuring higher
nitrogen concentrations in runoff water from green roofs when
compared to control roofs (Van Seters et al. 2007; Hathaway
et al. 2008; Retzlaff et al. 2008). Apart from the mineraliza-
tion, other mechanisms could explain such phenomenon: (i)
bird droppings (Charzynski et al. 2015) and (ii) the deposition
of nitrogen oxides coming from airborne (Oberndorfer et al.
2007). In France, during the 4-year period, the average con-
centration of NO, in the atmosphere of urban areas was
21 ug m (Geod’Air 2014).

3.3 Fine particles eluviation

In all situations, the <2 mm particles fraction were smaller
after 4 years (12.5 %+2.9 %) than in the initial substrate
(18.2 %) (Fig. 4). Potential vertical transfer of fine particles
leading to an accumulation on the geotextile and an eluviation
through the drainage layer has already been described
(Schwager et al. 2015). Despite that fact, the solid density
was almost the same for SO (2.84 g cm ) than for S4
(2.85 g cm > £0.03 g cm ), suggesting an equal loss of all
kind of substrate’s constituents.

A very clear pattern, if not statistically tested, was observed
under all soil covers on the aged GR. Indeed, there was an enrich-
ment of fine particles (<2 mm) in the second sub-horizons (2—
5 cm) (14.6 % +2.3 %) compared to the top sub-horizons
(9.5 % +2.1 %) and the bottom horizons (13.9 % +0.5 %)
(Fig. 4). The eluviation process was the most pronounced in the
bare soil, whereas it was the least visible under moss cover. Under
sedum cover, the particles transfer was intermediate. The most
probable assumption is that the fine particles were eluviated from
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Fig. 3 Root distribution profiles extracted from three samples of the S4 substrate on S-sedum measured on the experimental green roof platform in
June 2015, after the method of Tardieu and Manichon (1986) (Roots occurrence is represented by black cells)

the surface by the rain. The presence of vegetation would limitthe ~ dividing only into two layers and only small grain size’s dif-
intensity of the process by covering the soil surface and slowing ~ ferences were visible as indicated by De-Ville et al. (2015).
down the velocity of the water flux, as well as by increasing
evapotranspiration and thus limiting water loss. 3.4 Poral structure

The novelty in our approach was the strategic sampling in
three sub-horizons of the thick substrate layer. Indeed, we  The total porosity of SO (0.72 cm® cm > +0.02 cm® cm )
performed previous tests, before the profile observations, by ~ was similar than for S4 (0.72 cm?® cm > +0.04 cm® cm ™)
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(Fig. 5). The moisture at the field capacity indicated that
the macroporosity slightly increased over time
(Mpso=0.53 ¢cm® ¢cm *+£0.03 cm® cm 7
Mpss4=0.58 cm?® em™ +£0.03 cm® cm ). The microporos-
ity (calculated after the volumetric water content at per-
manent wilting point) increased in S4
(1psqs=0.12 cem® cm 2 +0.03 cm® em ) compared to SO
(upso=0.07 cm® cm >+0.01 cm® cm ). On the contrary,
there was a drastic decrease of mesoporosity between SO
(mpso=0.11 cm® ¢cm *£0.02 ¢cm® ¢cm™®) and S4
(mps4=0.02 cem® em > +0.01 em® em ™). Considering the
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Fig.5 Evolution of the macro, meso and microporosity of the initial (SO)
and 4 years aged substrates (S4)

size of the sampling core and the shallow depth of the sub-
strates, it was not possible to study the effect of depth on such
parameters.

These measurements indicated modifications of the struc-
ture as a potential result of particles transfer and particles
associations. Furthermore, such results suggested not only a
small decrease of the water holding capacity of the substrate
with time as already highlighted (Bouzouidja et al. 2016), but
also a major decrease of the available water for plants in the
aged substrate.

3.5 Early pedogenic evolution

Various changes over time of physical and chemical properties
have been noted in the GR substrate. Our results are consistent
with the existing literature cited above, but the soil science
methods—observation/adapted sampling/measurement—
added an explicit identification and quantification of the in-
volved processes. Thus, such pedogenic processes as organic
matter transfer, transformation and degradation, fine particles
eluviation and structure evolution have been observed in the
aged green roof, which was previously described as an Isolatic
Technosol (Drainic, Folic, and Transportic). Such processes
are analogous to what happened in natural soils. But, in ac-
cordance to what Leguédois et al. (2016) described, most of
the Technosols are known to be submitted to a notably quick
and intense evolution. GR substrates mix different particulate
materials from natural origins, various locations, with much
contrasted properties, that were crushed, sieved and mixed
together, before being sowed and exposed to climatic condi-
tions and to biological activity. As a result, there is a strong
thermodynamic disequilibrium between the substrate and the
environmental forcing factors. It leads to an internal response
that induced a fast and intense evolution (Séré et al. 2010).
Distinct sub-layers have been observed inside the substrate;
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however, from our point of view, they did not exhibit enough
discontinuities in their physic-chemical properties to be al-
ready called pedological horizon.

These preliminary results suggest that there are concomi-
tant processes that happened with a significant intensity, few
years after the substrate implementation. Some similarities
appeared between GR and other technogenic soils—
Edifisols (Charzynski et al. 2013, 2015) shallow soils natural-
ly developing on buildings and constructed Technosols (Séré
et al. 2010) that result in the deliberate mixing of artefacts—
that shed light on their pedogenesis. Three main questions
arise from them: (i) what is the kinetic of such pedogenic
processes, (ii) what is the relative influence of external factors
(i.e. climate, vegetation, biological activity) and (iii) what is
the relative influence of internal factors (i.e. nature and ratio of
the parent materials). Hereby, only two points where analysed
(initial time and 4 years), inside the chronosequence. Other
data on physical and hydraulic properties of the GR substrate
were measured after 3 years (Bouzouidja et al. 2016) and were
very similar to S4 (data not shown) suggesting that most of the
pedogenic processes happened within the first year.
Concerning the external factors, the influence of the vegeta-
tion has been assessed. Sedums and moss prevented fine par-
ticles eluviation and contribute to the C,,, and N enrichment
of the soil surface. The contribution of soil fauna was not
studied yet in itself. Despite that, observations on the GR
platform was conducted and brought to light the presence of
decomposers (woodlice and snails). Knowing their role in the
cycle of organic matter, we can hypothesise a functional im-
pact due to the presence of these organisms on the evolution of
GR. At last, a single kind of GR substrate was studied and it
would be necessary to monitor various ones (e.g. containing
some compost, crushed bricks, coconut fibres) to evaluate the
nature, intensity and kinetic of pedogenic processes.

4 Conclusions

The study of an aged GR substrate led to the evidences of
drastic transformations of both physical and chemical proper-
ties compared to the original substrate. The results show that
over 4 years, the organic carbon has decreased from 5.0 to
2.1 % and that the nitrogen concentration has increased from
0.13 to 0.54 %. At the same time, a loss of fine particles was
also observed. The implementation of an adequate sampling
protocol into representative sub-layers based on the observa-
tion and pedological measurements enabled an explicit quan-
tification of active soil-forming processes. Indeed, organic
matter transformation, fine particles eluviation and structure
evolution have been reported as a function of depth. The in-
tensity of such pedogenic processes appears to depend on the
presence, density and nature of the vegetation. The acquisition
of a vertical organisation of the GR substrate over time is now
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suggested. In addition to the Isolatic Technosol definition,
such criteria promoted the idea to consider GR as dynamic
urban soils. As Technosols, GR are submitted to fast changes
that can significantly affect their expected performances (e.g.
water holding capacity, reservoir of biodiversity, water filtra-
tion). Further researches are needed to assess more precisely
such evolution and to develop new technical solutions for GR
conception and management.
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