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ARTICLE INFO ABSTRACT

Keywords: Green roofs can act as pollutant sources due to the nutrients nitrogen (N) and phosphorus (P) leaching from the
Vegetated roofs engineered soil-like substrate. Designing substrate to reduce this effect, while continuing to provide nutrients for
Phosphorus

plants, is essential to minimize this ecosystem disservice. Biochar is a water-retaining soil additive with the
potential to increase stormwater retention and bind nutrients, thus could reduce loss of nutrients in runoff and
simultaneously improve plant performance. Over two growing seasons, our study evaluated plant cover, nutrient
retention and water retention in green roof experimental plots after the addition of biochar to the substrate.
Replicated plots of green roof substrate amended with different amounts of biochar were established, both
vegetated (Sedum mixture) and unvegetated. After initial establishment, plant cover was highest in the inter-
mediate (5% w/w) biochar treatment, and lowest in the high (10% w/w) biochar treatment. Biochar addition did
not significantly affect water retention, but improved runoff water quality by decreasing phosphorus, organic
carbon and organic nitrogen export, all of which were high in runoff from the standard green roof substrate.
Biochar was found to be a minor source of nitrate, but this effect was counteracted by plant presence, with plants
greatly reducing N runoff losses. Overall, these results strengthen the case for biochar as a potentially useful
amendment for green roofs.
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1. Introduction

Green roof substrate is engineered soil typically comprised of a
mixture of light-weight aggregate material such as heat-expanded shale
or clay, and an organic component such as compost [1]. Substrate must
perform the role of an artificial soil for plant growth and therefore must
provide moisture, nutrients, and physical support to plants while
remaining lightweight, chemically stable, aeratable, and able to drain
freely [2]. The attempt to balance all of these characteristics is one of the
key challenges when designing green roof substrate, affecting many of
the ecosystem services provided by green roofs.

Green roofs may act as pollutant sources, often due to nutrients
leaching from the organic component of the substrate. Extensive green
roofs (those with substrate depth <10 cm) have commonly been found
to be a source of total nitrogen (TN), dissolved organic carbon (DOC),
and phosphate (PO%‘) in runoff [3-7]. Leaching of N, P, and C from
green roofs has become a significant concern, and there is a need for
research to develop mitigation actions [4,8]. Although NO3 can be
retained [5,9,10] in some green roof substrates, other studies show
green roofs to be a source of NO3 [3,8,11]. DOC in runoff can reach

concentrations above 50 mg L™}, giving runoff from many green roofs a
brownish tint typical of humic-rich waters, and impacting the carbon
balance of these systems [4,12]. Particularly concerning is the leaching
of PO}~ to local waterways. Phosphorus is a limiting nutrient in many
unmanaged freshwater environments, so additional contributions of P to
local waterways could add to the eutrophication threat that already
exists for P-limited aquatic ecosystems [4,8,13].

There is a need to find a delicate balance between reducing the
leaching of these nutrients in the runoff while still providing sufficient
nutrients for plant growth. Plant success is crucial, since increased
vegetative growth is a major determinant of water retention and
nutrient retention [2,14,15] as well as a host of other ecosystem func-
tions and services in green roofs including aesthetics, habitat, cooling,
and air quality improvement [15-17].

Understanding and fine-tuning substrate composition to aid in
nutrient retention and stormwater runoff is important to optimize the
performance of green roofs. Substrate characteristics directly influence
some key ecosystem functions (water retention, insulation, etc.) and also
constrain the development and productivity of the plant community [18,
19] which in turn influence nutrient and water cycling [4,20]. To this
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end, several research groups have explored the use of different substrate
additives to improve runoff quality and quantity [14,21,22], but sub-
strate composition has yet to be fully optimized [2].

Biochar, a lightweight carbon-rich residue produced from pyrolysis
of biomass in a low-oxygen, high temperature environment, has been
suggested as a green roof substrate amendment [23]. It has been used
extensively as an agricultural amendment [24-26] due to its ability to
enhance nutrient availability while also being stable relative to other
soil amendments [27-29]. The pyrolysis process activates beneficial
physical and chemical properties, which allows biochar to influence
water and nutrient retention. Biochar influences nutrient leaching by
increasing retention of water in the rooting zone, by directly binding or
sorbing nutrients, or by interacting with other soil constituents [28,30].
The large surface area and porous structure of biochar makes it a
water-absorbing soil amendment, increasing soil water holding capacity
(WHC). This could be a great benefit to plants in green roofs, which
commonly experience water stress due to frequent periods of drying out
of the thin substrate layer [23]. Overall, the impact of these changes in
the physical environment can influence plant growth and microbial
communities, potentially enhancing the ecosystem functions of green
roofs which include biochar [31]. Additionally, biochar is a lightweight
material, so it will not overload green roofs, as weight is a major
constraint on green roof substrates [32,33].

Previous studies have demonstrated the ability of biochar to reduce
runoff water quantity in green roof substrate by increasing WHC [23,
32-35]. However, in terms of the impact on runoff water quality, there
have been few published studies, most of which have been short term (a
few months or less) and/or carried out in the lab. Results from published
studies have also varied considerably. Beck et al. (2011) observed a
decrease in nutrient leaching from green roof plots due to biochar
presence following a short-term laboratory experiment with two
sequential simulated rainfall events [23]. Similarly, in a one-month lab
experiment with extensive green roof modules exposed to simulated rain
events, the addition of biochar slowed TP leaching and improved
interception of NHZ and TN [34]. However, the patterns observed in the
lab have not necessarily translated to similar results in the field. Kuop-
pamaki et al. (2016) carried out two controlled, replicated experiments,
one in the laboratory for 6 weeks, and one in the field using
platform-based green roof plots. In the laboratory experiment, one type
of biochar reduced nutrient concentrations and load in runoff while
another type had an opposite effect [35]. In the field experiment, bio-
char did not significantly reduce runoff nutrient concentrations during
the first half year, but by 1 year had matured to successfully retain
nutrients TN and TP [8]. Finally, in a short-term field experiment
exposing green roof modules to nine simulated rainfall events,
biochar-amended substrate was able to neutralize pH and reduce runoff
TN, but failed to reduce the concentration of TP in runoff [36]. Based on
the relatively few published studies and varied results found therein,
there is a need for longer-term (a year or more) studies of green roof
biochar amendments carried out in the field under natural climate
conditions.

To evaluate the capacity of biochar as a substrate amendment to
optimize green roof performance, our study examined biochar as a
substrate additive in a one-year long field study. We analyzed the effect
of biochar amendment on several important ecosystem functions:
vegetative growth, nutrient retention, and stormwater retention. Four
levels of biochar amendment in green roof substrate (0%, 2.5%, 5%, and
10% w/w) were evaluated with replicated plots. Each of the levels were
tested with and without a green roof plant community (Sedum mixture)
to examine the effect of biochar and plant presence, respectively, and to
examine synergistic effects. We hypothesized that with increasing
amounts of biochar added to green roof substrate, more nutrients and
moisture will be made available to plants due to the retention capabil-
ities of biochar, thereby increasing plant cover and reducing water and
nutrient losses in runoff. A synergistic effect was expected in plots
containing both biochar and plants due to increased plant growth and
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water uptake and increased substrate water holding capacity (WHC).
2. Material and methods
2.1. Experimental design

Forty-five experimental green roof plots were assembled in May
2016. Each plot contained two black high-density polyethylene (HDPE)
60 cm x 29 cm plastic trays (Ecoroofs, Berrien, MI). The top trays have
drainage holes and contain basic green roof components: a geotextile
filter layer (DeWitt Filter Fabric, Forestry Supplies, Jackson, MS), and a
corrugated plastic drainage board (signoutfitters.com; Wyandotte, MI).
The bottom trays are lined with waterproof plastic sheeting (6 mil
standard clear greenhouse film; Greenhouse megastore; Danville, IL) to
assist in the drainage of water from the plots.

Ten plots with each of the following were assembled: substrate
without biochar (0%); substrate amended with 2.5% biochar by weight
(w/w); substrate amended with 5% w/w biochar, and substrate amen-
ded with 10% w/w biochar. Five plots without substrate, considered
empty, control plots (‘EC’), were set up in addition to the 40 plots
described above. The levels of biochar addition were chosen in order to
represent a moderate range of values similar to those used in previous
studies of biochar amendment to green roof plots, i.e. 7% w/w [23,35]
and 2.5%—15% w/w [33]. The value of 10% w/w biochar in our study
corresponds to a biochar addition of about 5 kg m™2, a level up to which
crops typically respond positively in agricultural settings [37].

The substrate used was a proprietary aggregate-based blend (Tremco
Roofing Inc., Cincinnati, OH). The substrate material was analyzed at
the Agricultural Analytical Services Laboratory (Pennsylvania State
University, University Park, PA) using standard methods according to
the Forschungsgesellschaft Landschaftsentiwicklung Landschaftsbau
(FLL) guidelines for the planning, execution, and upkeep of green-roof
sites, specifically for single course extensive systems [38]. The bulk
density (dry weight basis) was 0.94 g cm >, and 1.21 g cm™ at
maximum water holding capacity (WHC). The WHC of 29% (w/w) was
within the accepted FLL guidelines, while water permeability (saturated
hydraulic conductivity) measured 0.03 cm s, slightly below FLL
standards [38]. In terms of chemical characteristics of the substrate, the
pH (CaCl; extraction method) was 7.4, total organic matter content was
33¢g L1 (equivalent to 3.5% by weight), phosphorus (calcium acetate
lactate (CAL) extraction method) was 218.5 mg L 'as P05 (95 mg P
LY and nitrate and ammonium together (CaCly extraction method)
accounted for 13.0 mg L. These values were within FLL standards
except for phosphorus, which was slightly above the standard [38].

The biochar used in this study was sourced commercially from
Charcoal House, LLC (Crawford, NE; https://www.buyactivatedcharcoa
l.com), and was created from a blend from mixed hardwoods derived
from pyrolysis between 500 and 700 °C. The nutrient and water
retaining capabilities of biochar vary based on feedstock type and
preparation technique [25,39,40]. The particular type of biochar used in
this study was selected based on its reported ability to sorb PO3~ ions
[41], a desirable characteristic for green roof substrate, since P leaching
is a major concern [4,42]. The biochar was sieved and particles in the
size range 2.5 - 4.0 mm were used, with a dry bulk density of 0.31+0.03
g cm 3. Additional biochar characteristics were provided by the
manufacturer based on analysis at the International Biochar Initiative
(IBI) Laboratory Tests for Certification Program, and are listed in
Table 1.

All green roof plots were filled to exactly 7 cm depth with the
respective substrate/biochar mixes, giving the same total volume for all
plots, but a lower total mass for the biochar-containing plots, since
biochar has a low bulk density. The dry mass per unit area ranged from
approximately 60 kg m~2 for the substrate without biochar (0%) treat-
ment, to approximately 50 kg m 2 for the high biochar (10%) treatment.
Half of the ten plots of each substrate mix were then planted with
vegetation, while half were left bare. The vegetated plots were
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Table 1

Characteristics of biochar according to Charcoal House, LLC.
Parameter (units) Value
Ash content (%) 1.2
pH value 8.49
EC (mmhos cm ™) 310
Organic C (%) 81.7
Total N (%) 0.32
Total P (mg kg™1) 24.0
Nitrate (mg kg D) 41.0
Ammonia (mg kg™") 8.0
Water holding capacity (%) 89

established with fresh cuttings of a mixture of Sedum species (Emory
Knoll Farms, MD) at a density of 365 g m~2 wet weight (ca. 64 gm 2 dry
weight). The following species were planted in each plot: Sedum album,
Sedum kamtschaticum, Sedum middendorfianum, Sedum spurium, and
Sedum sexangulare. Sedum species are especially successful, in terms of
plant coverage and survival, in green roof installations in the American
northeast and Midwest [43-46]. Prior to planting, Sedum species were
sorted, and each cutting was measured and weighed to ensure uniform
size within species [46]. Each vegetated plot was planted with: 15 cut-
tings of Sedum middendorfianum, 10 cuttings of Sedum kamchaticum, 50
cuttings of Sedum album; 50 cuttings of Sedum spurium and 20 cuttings of
Sedum sexangulare. The cuttings were planted in rows and the species
were mixed randomly throughout the plot (Fig. 1).

During plant establishment for 2 months, the plots were placed side
by side in a greenhouse (University of Cincinnati, OH) and watered as
needed. The plots were then moved outdoors to the University of Cin-
cinnati Center for Field Studies (UCCFS, Hamilton, OH) in July 2016 in
two raised south-facing rows with a 5% slope, with individual plot lo-
cations assigned randomly. Extra unused plots were placed on the end of
each row to minimize edge effects. Over the course of the subsequent
experimental period, the plots were exposed to natural climatic condi-
tions, with supplemental irrigation water additionally used during
particularly dry periods in July 2016 and August 2016. During irriga-
tion, the same amount of water was delivered to each plot.

Fig. 1. Overhead view of one of the experimental plots. Left: initial establish-
ment with fresh cuttings. Right: Growing season 2. Both photos taken of Plot
#1; 10% biochar treatment.
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2.2. Sample collection overview

Sampling was carried out from July 2016 — August 2017, just over 1
year. Runoff quantity was assessed for n = 26 discrete rain events, which
included most but not all of the runoff-inducing events during this
period. Once per month (n = 12), the runoff samples were collected and
processed for water quality parameters and to calculate nutrient fluxes.
Plant cover was assessed monthly using digital photographs. Details of
each method follow.

2.3. Water collection and runoff/retention amount

A HOBO H400 weather station at the field site collected rainfall data
every 15 min throughout the experimental period and was used to
determine incoming precipitation amount in mm. Each plot was
outfitted with a spigot, tygon tubing, and a 7.5 L polyethylene collection
bucket to allow for the collection of water outflow. Collection buckets
were emptied between events. Water runoff was determined, and
retention estimated by weighing the collection buckets after runoff
inducing events (N = 26) using CPW+35 bench scales (Adam equip-
ment, CPWplus 35, Industrial scales; H&C Weighing Systems; Columbia,
Maryland). This occurred approximately twice per month. Not every
runoff inducing event was captured as our sampling regime did not
allow us to easily quantify intermittent rain events, and for logistical
reasons.

2.4. Runoff water quality analysis

Plot runoff and precipitation samples were collected monthly within
8 h after a runoff-inducing rain event, in polyethylene buckets which
had been emptied and cleaned just before the event. Samples were then
kept refrigerated in 500 mL HDPE bottles until subsampling, which took
place within 48 h. Water samples were tested for pH (Orion Ross Ultra
Combination pH; Thermo Fisher Scientific, Waltham, MA) and con-
ductivity (Orion Conductivity Cell; Thermo Fisher Scientific, Waltham,
MA). Samples were then filtered through a 0.45 um mixed cellulose ester
membrane filter (Millipore, Billerica, MA) and stored frozen until
analysis. The nutrient concentrations were determined using colori-
metric reactions. Samples were analyzed for: PO using the ascorbic
acid method [47] adapted for a microplate reader (Biotek® Synergy
H1Hybrid Microplate reader; Biotek, Winooski, VT); NHjusing the
phenol-hypochlorite reaction [48] adapted for a microplate reader; and
NO3zusing a vanadium chloride spectrophotometric method [49]
adapted for a microplate reader [50]. Dissolved organic carbon (DOC)
and total nitrogen (TN) were determined using a Shimadzu TOC-Vcpy
analyzer equipped with TNM-1 total nitrogen analyzer (Shimadzu,
Kyoto, Japan). Dissolved Organic Nitrogen (DON) concentration was
calculated as TN — NH4 — NOg3, in units of mg N L.

2.5. Calculations

Runoff amount was calculated by normalizing the runoff amount (L)
to plot area to give units of L m~2. Nutrient fluxes were calculated by
multiplying the water volume (L) by concentration (mg L~!) and

normalizing to plot area to give units of mg m™2.

2.6. Vegetative cover

Pictures (JPEG) were taken monthly from a standard height and
position directly above each plot and percent cover was analyzed using
JMicroVision (JMicroVision 2.7, Geneva, Switzerland). Photos were
converted to .tiff files using the conversion software built into the pro-
gram. The Point Counting Method feature [51] was used to assess plant
cover. A sampling grid of 250 points was used to assess the percentage of
plant cover. Each photo was assessed three times for an average percent
cover. If the standard deviation of the mean was 4% or greater, the photo
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was analyzed a fourth time, and the cover was averaged, including all
four replicate assessments.

2.7. Statistical analyses

For statistical tests, repeated measurements were averaged to give a
single value for each response variable for each plot. For instance, the
values for nutrient fluxes (to estimate nutrient retention) were averaged
over 12 runoff events before analysis. Similarly, water retention was
determined by examining runoff water fluxes averaged over 26 runoff-
inducing events for each plot. The treatments included each of the
biochar levels (0%, 2.5%, 5%, and 10% by weight) crossed by vegetation
presence/absence in replicates of five (n = 40). The value of a = 0.05
was used as a threshold for significance for all statistical analyses. R
3.4.2 statistical software (R Core Team, Vienna, Austria) was used for all
statistical analyses. Prior to analysis, data was found to be normally
distributed according to Shapiro-Wilks Test for Normality. One-way
ANOVA was used to assess the effect of biochar addition on vegetation
responses. Two-way ANOVA was used to assess the influence of biochar,
plant presence and their interaction on nutrient retention and water
retention. Post-hoc comparisons using Ismeans [52] were performed for
any test which was found to be significant.

3. Results
3.1. Water runoff vs. retention

There was no significant effect of biochar or plant presence on water
runoff amount (Fig. 2). However, all treatments significantly retained
precipitation compared to empty control plots, with the proportion of
incoming rainfall leaving as runoff varying from 62 to 65% on average, i.
e. water retention averaging 35-38%.

3.2. Water chemistry

Biochar significantly increased the pH of water runoff (Table 2;
Fig. 3), while plant presence significantly reduced the conductivity
compared to non-planted treatments (Table 2; Fig. 3). It was expected
that pH would increase in the presence of biochar, due to biochar’s high
cation exchange capacity having a buffering effect; increased plant
productivity could further increase pH as seen in other studies [36,53].
However, plant presence did not have a significant effect on the runoff
pH. Plant presence did significantly decrease conductivity compared to
substrate only treatments; however, all treatments leached some dis-
solved salts as indicated by the heightened conductivity.

In the absence of plants, total N leaching was lower in the high
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Fig. 2. The effect of biochar addition (0, 2.5, 5, 10%, w/w) and plant presence
on mean event runoff amount (means + SE of 5 replicate plots for each treat-
ment) (biochar: F335=1.03, p>0.05; plant: F335= 0.76, p>0.05). Rain =
amount of incoming precipitation; EC = runoff amount from empty con-
trol plots.
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Table 2
Two-way ANOVA results for differences in runoff water chemistry from green
roofs a function of biochar amount, plant presence, and their interaction.

Response Treatment F d.f. p-value Sig.
biochar 150.3 3,36 <0.0001 ok
pH plant 1.08 1,32 0.307
biochar x plant 2.60 3,32 0.070
biochar 0.745 3,35 0.536
Conductivity plant 42.5 1,38 <0.0001 o
biochar x plant 0.716 3,32 0.550
biochar 6.728 3,32 0.001 o
NO3 plant 209.4 1,32 <0.0001 *
biochar x plant 3.33 3,32 0.03 *
biochar 0.767 3,35 0.520
NHy plant 1.478 1,35 0.232
biochar x plant 1.153 3,32 0.343
biochar 35.59 3,36 <0.0001 el
PO3~ plant 3.744 1,35 0.06
biochar x plant 1.112 3,32 0.359
biochar 15.63 3,32 <0.0001 ek
DOC plant 4.234 1,32 0.048 *
biochar x plant 7.536 3,32 <0.001 bl
biochar 44.65 3,32 <0.0001
DON plant 153.2 1,32 <0.0001
biochar x plant 10.40 3,32 <0.0001 il
biochar 0.911 3,32 0.447
DOC:DON plant 35.77 1,32 <0.0001 bl
biochar x plant 6.51 3,32 <0.01 i

Sig. = Significance level (*** p<0.001; ** p<0.01; * p<0.05).

biochar treatment compared to substrate-only plots. In the presence of
plants, total N fluxes were greatly reduced (Fig. 3). Nitrate fluxes were
significantly increased by biochar. However, the presence of plants had
a stronger effect, decreasing NO3loads below incoming overall precip-
itation amount for the planted plots (Table 2; Fig. 3).

All green roof treatments were a source of DON (Table 2; Fig. 3).
However, biochar decreased DON leaching in runoff when compared to
substrate-only plots. In the presence of plants, DON flux was greatly
reduced (Fig. 3). There was also an interaction effect: the effect of plant
presence on DON runoff flux reduction was greatest for the 0% biochar
treatment, and smaller for the biochar treatments, with the net result
that in the presence of plants, the effect of biochar on DON flux was
muted. Neither biochar nor plants significantly influenced the overall
ammonium (N) flux, however all treatment plots which contained sub-
strate reduced NHZ flux compared to incoming rainwater (empty control
plot) (Table 2; Fig. 3).

Phosphate runoff fluxes were significantly reduced by biochar.
Although biochar addition reduced the overall PO?{ flux, all treatments
which contained substrate were still a net source of PO?{. (Table 2;
Fig. 3). Between the 0% and 10% biochar treatments, there was an
overall 40% decrease in the POﬁ_ flux.

Dissolved organic carbon (DOC) in runoff was significantly reduced
by biochar when compared to the substrate only treatment (Table 2;
Fig. 3). Substrate only plots released significantly more DOC in runoff
than all other treatments, leaching 1.5x as much on average as the
biochar amended plots, and about 1.2x as much as the planted treat-
ment. There was also an interaction effect: the presence of plants had the
effect of decreasing the DOC in runoff for the 0% biochar treatment, but
increasing the DOC in runoff relative to the plant-free biochar-amended
plots. The net result of this was a similar DOC flux for all planted
treatments, regardless of biochar level (Fig. 3). The C:N of the dissolved
organic matter as measured by the mass ratio of DOC to DON in runoff
was not significantly affected by biochar, but was significantly higher in
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the presence of plants. There was also an interaction effect with the
presence of plants having a stronger effect on increasing the runoff DOC:
DON for the highest (5%, 10%) biochar-amendment treatments (data
not shown).

3.3. Plant cover

On average, the plant cover for the 5% biochar treatment remained
higher than all other treatments throughout the experiment (Fig. 4). A
statistical comparison was made among treatments during 3 distinct
time periods (Table 3). During the first growing season (August 2016),
plant cover was significantly higher in the 0% (control) and 5% biochar
treatments than in the 2.5% and 10% treatments, but no biochar treat-
ments were significantly higher than the 0% control (Table 3; Fig. 4).
During the non-growing season (February 2017), cover for the 5% bio-
char treatment was higher than in all other treatments (Table 3; Fig. 4).
During the second growing season (July 2017), the 5% biochar treat-
ment had significantly higher cover than the 10% biochar treatment
(Table 3; Fig. 4).

4. Discussion
4.1. Effects on nutrient retention

The ideal green roof substrate amendment would prevent water-
soluble nutrients from leaching into runoff while ensuring these same
nutrients remain available to plants. The results from this study show
biochar addition is promising in this respect. Biochar amendment had a
large effect on effluent water quality, with many different parameters
impacted, the most significant of these being the reduction in PO}~
runoff fluxes. Runoff PO3~ concentrations remained lowest in the high
biochar treatments throughout the experiment, averaging about 40%
lower in the high biochar treatments relative to the biochar-free control.
Beck et al. (2011) found similar results in a short-term laboratory
experiment, with a 38-42% reduction in discharge of POz~ in the
presence of biochar in vegetated test plots during two simulated rainfall
events [23]. Similarly, Kuoppamaki and Lehvavirta (2016) found a TP
reduction of 28% in their yearlong study while using 7% by weight
biochar amendment in green roof plots [8]. Green roofs commonly act as
a source of PO%’ following installation [54] and for several subsequent
years [1,4]. It appears that for many green roofs, the major source of P is
the organic component of the substrate, especially of compost when it is

60
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(% biochar by weight)
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Fig. 4. Mean plant cover during monthly measurements in green roof plots as a
function of % biochar in substrate. The gray shading corresponds to 95%
confidence interval, and the vertical dotted lines correspond to the three oc-
casions where a statistical comparison was made among treatments (Table 3).
The 5% biochar treatment remained highest and the 10% treatment remained
lowest throughout the experiment, after initial establishment.
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Table 3

Mean (+ SE; n = 5) percent plant cover in vegetated plots, as a function of
biochar treatment during both growing seasons (August 2016; July 2017) and
non-growing season (February 2017). Treatments indicated by the same letter in
a given column are not significantly different (Tukey; p>0.05).

Biochar (% Peak season cover, Off-season Cover, Peak season cover,

w/W) August 2016 (%) February 2017 (%) July 2017 (%)
0 49.4 + 3.48° 19.6 + 1.99%° 40.9 + 2.00%°
2.5 41.4 + 3.60° 17.5 + 2.34%° 36.9 + 3.01%°
5 57.4 + 2.50° 26.4 + 0.88% 42.8 +1.73*
10 39.5 + 4.25" 15.1 + 1.32° 34.3 + 1.73"

present [4]. If P levels exceed the binding and uptake capacities of the
substrate and biota, then P will be leached from the system whenever
runoff occurs [4]. The reduction of P in runoff from the biochar amended
plots in our study, as well as several other recent studies [8,23,34]
suggests that biochar has potential to bind P, helping reduce P runoff
losses. Depending on the feedstock and preparation method, biochar can
also provide a lower P source compared to substrate containing compost,
which tends to be rich in P [4]. Thus, replacement of part of the organic
matter in green roof substrate has the potential to reduce P leaching both
by a decrease in P source, and an increase in P binding.

Plant presence did not have an effect on PO3~ loads in our study.
Buffam et al. (2016) examined the seasonal patterns of PO?;_ in green
roof runoff and determined that plant P uptake was relatively small; they
attributed inorganic P availability to other processes such as microbial
mineralization [50]. Our study also found that plants play a minor role
in P uptake relative to leaching losses, likely due to the typically high P
availability in fresh green roof substrate relative to plant P demand [4].

Although biochar was a minor source of nitrate in unvegetated plots,
biochar decreased organic N leaching, resulting in a net decrease in total
N leaching losses. Furthermore, the effect of biochar increasing nitrate in
runoff was not seen in the presence of plants, as the plants had a strong
effect of reducing nitrate in runoff, presumably due to uptake and
incorporation into plant biomass. Overall, the presence of plants caused
a substantial decrease in runoff losses of TN, DON and particularly NO3,
an effect consistent with other green roof studies [4,55].

The effects of biochar on N leaching in our study diverged from those
observed in previously published studies [23,34], perhaps attributable
to variation in biochar type or plant communities among the different
studies. For instance, Beck et al. (2011) found a decrease of nitrate and
total N leaching from the 7% w/w biochar treatment when added to
substrate-only or Ryegrass-planted plots, and little change in N leaching
from biochar additions in Sedum planted trays [23]. Beck et al. used a
blend of 70% agricultural char, derived from the processing of rice hulls,
pecan shells, walnut shells, and coconut shells, and 30% manufactured
waste char derived from pyrolysis of passenger car tires whereas the
biochar in our study was derived from a mixture of hardwoods. In a
laboratory study, one type of birch-derived biochar reduced nutrient
concentrations and load in runoff while another type from different
origins and pyrolysis conditions had an opposite effect [35]. A related
field study using an amendment of birch biochar (7%) found that the
addition of biochar reduced annual cumulative runoff of TN by 62% in
their planted green roofs (plots originating with Sedum seeds and plug
plants) and 28% on pre-grown green roof plots, suggesting a significant
interaction between biochar and vegetation type on N retention [8].

In our study, we found interactions in the effects of biochar and plant
presence on the quantity and quality of dissolved organic matter runoff
losses. First, we found a mean 50% reduction of DOC (and DON) runoff
loads from the high-biochar treatment in the absence of plants, similar to
Beck et al. (2011) results, where a 67-72% reduction of total organic
carbon due to biochar was observed following two simulated rain events
[23]. Our results thus indicate that biochar addition does aid in binding
organic carbon over the course of the yearlong field experiment. How-
ever the presence of plants confounded this effect, causing an increase in
DOC leaching losses in plant-containing compared to biochar-only
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treatments; at the same time, plant presence caused a decrease in DON
leaching losses, resulting in an increase in the mean C:N of the runoff
dissolved organic matter. These results indicate shift in the character of
soluble organic matter being exported from green roof plots as a func-
tion of the plant community. This plant-derived DOC could originate
from root exudates, degrading plant material, or both [56].

4.2. Effects on water retention

Interestingly, there was no effect of biochar on average water
retention vs. runoff in our study, even though the biochar has a higher
water-holding capacity than the base green roof substrate. Our findings
regarding the effect of biochar are consistent with the findings of one
recent study which evaluated water retention of biochar-amended sub-
strate in unvegetated modular plots using simulated rainfall events and
found little effect [36]. However, our results are inconsistent with other
studies which found a significant influence of biochar on WHC and/or
water retention [23,33,35]. One reason for this lack of significant effect
of biochar on water retention could be the amount of substrate used in
our experimental approach. Since all plots had the same total volume of
substrate mix, the plots with biochar had substantially lower total mass
than the plots with substrate alone. For example, the high biochar plots
weighed 15-20% less than the plots with standard green roof substrate,
yet both were equally effective at reducing runoff. Thus, the biochar
plots do indeed retain more water when expressed as runoff reduction
per mass of substrate, although not when expressed per unit area or
substrate volume.

Another possible explanation is the size of precipitation events, since
our study measured water retention only after runoff-inducing rain
events, which involves a sizeable amount of precipitation causing the
substrate in all of the plots to exceed field capacity. Kuoppamaki et al.
(2016) found that the water retention was improved by biochar with
infrequent rain events, but less effective when precipitation was
frequent [35]. Extensive green roofs in general can achieve a runoff
retention rate of 75-100% in light and moderate rain events [57,58],
while in our study the runoff ratio averaged 32-35%, corresponding to
the relatively larger precipitation events in focus since we were pri-
marily interested in monitoring total water and nutrient fluxes. Thus, we
would have missed any differences among treatments which may have
occurred during smaller events if they only induced runoff in some of the
plots.

Neither was there any significant effect of plants on average water
retention vs. runoff. The lack of a consistent impact of Sedum presence
on runoff amount is a common theme in other studies of water balance
in extensive green roofs, reviewed in Zheng et al. 2021 [59]. Sedums are
commonly used on green roofs as due to their conservative water use
strategies, enabling the plants to withstand periods of drought when
shallow green roof substrates dry out [18,20,60]. However, Sedums also
have relatively slow evapotranspiration rates and thus may not effec-
tively dry out green roof substrates between rain events relative to what
would occur from evaporation alone in the absence of plants [20,61].

4.3. Effects on vegetation cover

Although green roof vegetation cover was not significantly improved
by biochar addition at any dose relative to the substrate-only control
plots, there was a consistent trend with the 5% biochar treatment having
the highest plant cover throughout the experiment. It is noteworthy that
plant cover for the 10% biochar treatment was significantly lower than
the 5% biochar treatment on every measurement occasion. This suggests
that there may be an optimal intermediate biochar proportion for plant
growth. It is possible that the 10% biochar addition caused the substrate
to become too alkaline, which impacted plant growth (Fig. 2). At high
pH levels, nutrients become insoluble and cannot be readily taken up by
plants [53].
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4.4. Future research needs

More long-term (multi-year) field studies of biochar amendment are
needed to flesh out the impacts of biochar amendment on green roof
structure and function. It is important to understand the enduring ca-
pabilities of biochar amendment, both to determine the effect of biochar
on plant community resilience to infrequent disturbances such as
drought [62], and to detect any long-term changes in the properties of
the biochar-amended substrate. Gul et al. (2015) suggested that the
retention capacity of biochar will decline as it “ages” in the soil envi-
ronment due to weathering, loss of reactive surface due to irreversible
binding with soil substances, decrease in its pH [63], and decrease in its
bulk density [63,64]. However, Kuoppamaki and Lehvavirta (2016)
found that although biochar performance varied throughout their green
roof plot experiment, the strongest positive effect on nutrient retention
occurred during their final sampling event (1 year into the experiment).
This suggests that the use of aged biochar is worth investigating in future
studies. Kuoppamaki and Lehvavirta (2016) speculate that this result
might be due to the development of microbial biofilm on the large
surface area and pore volume of biochar [8]. Gul et al. (2015) point to
recent studies where soil microbial communities are responsive to bio-
char amendment because it increases microbial abundance and activity
[26,65] by providing an environment with ample aeration, water and
nutrients [65,66]. In turn, a diverse microbial community is implicated
in efficient nutrient transfer to plants and greater nutrient retention in
soil, which is beneficial in reducing nutrient loss from agricultural soil to
the environment [63]. An exciting but as-yet little-explored frontier in
green roof research is the study of belowground dynamics and in-
teractions with the microbial community, which could provide insight
into the mechanistic responses of biochar addition.

Finally, relevant to the generalization of our results, other recent
studies have shown that biochar characteristics can play an important
role in the resulting function — thus not all biochar preparations can be
expected to have the same effect. For instance, enhancement of water
retention depends on biochar feed-stock, soil type, and mixture rates
[67]. And, the release of nitrogen from biochar is a complicated process
that is affected by many factors, such as the type of biochar, the mode
and amount of applied biochar, and the application time [68]. To
optimize the use of biochar as a green roof substrate amendment,
continued work is needed to test different types of biochar, and to
characterize the effects of biochar feedstock and pyrolysis temperature,
biochar particle size distribution, substrate material and mixture pro-
portion, vegetation community, and their interactions.

5. Summary

In this yearlong field experiment, we found that extensive green roof
substrate amended with biochar could support a thriving plant com-
munity (a Sedum mixture), while at the same time reducing phosphate
and dissolved organic matter leaching in runoff. The plant community
responded differently to different levels of biochar, with the highest
plant cover observed for a 5% (w/w) biochar addition to substrate. This
suggests that there may be an optimal, intermediate level of biochar for
green roof substrate. The importance of the plant community on nutrient
cycling was also evident, with plant presence dramatically reducing N
leaching losses from green roofs plots. There were also interesting in-
teractions observed in the effects of biochar and plant presence. Notably,
in the absence of plants, biochar had a strong and clear impact on
reducing dissolved organic carbon and nitrogen in runoff. The presence
of plants masked this effect, likely by contributing new sources of sol-
uble organic matter less easily bound by biochar. Overall, our results
reinforce the idea that biochar can be a viable and useful amendment to
green roof substrate.
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5.1. NbS impacts and implications

Environmental: This study focuses on the mitigation of nutrient
pollution which can occur in runoff from green roofs, a potential
ecosystem dis-service which could pollute downstream waterways. The
results show that the integration of biochar into green roof substrate can
successfully bind phosphorus and thus reduce leaching of P in runoff.

Economic: The results of this study suggest that the integration of
biochar in green roof substrate could be a cost-effective means to reduce
nutrient losses while preserving plant productivity, thus reducing the
need for costly fertilizer addition to green roofs, and reducing the need
for remediation of downstream waterways.
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