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Abstract
Forest harvesting activities on peatlands have long been associated with nutrient leaching and deterioration of downstream water
quality. This study aims to assess the effect of grass seeding practice on harvested blanket peatlands to immobilize N and reduce
its export to water courses. First, a plot-scale field experiment was conducted by seeding with two grass species (Holcus lanatus
and Agrostis capillaris) to study the N uptake potential from a harvested area. Secondly, a simulated rainfall experiment was
conducted to study the effect of these grasses on reducing N leaching from surface peat using laboratory flume approach. In the
end, the role of seeded grasses in removing N from nutrient-rich throughflow water was assessed using simulated overland flow
experiment. The results showed that the seeded grasses had the potential to uptake over 30 kg ha−1 of N in the first year after
seeding on harvested peatlands, whereas it takes over 2.5 years to establish the same level of N uptake by natural re-vegetation
(non-grassed). In the simulated rainfall experiment, the inorganic N (NH4

+-N and NO3
−-N) leaching in surface runoff from

grassed flumes was 72% lower (453 mg m−2) than non-grassed flumes (1643 mg m−2). In the simulated overland flow exper-
iment, the N retention by grassed flumes was significantly higher (98%) as compared to non-grassed flumes (70%) in the
simulated overland flow experiment. Comparatively higher concentrations of NH4

+-N and NO3
−-N in soil porewaters of non-

grassed flumes suggest that this N retention by non-grassed flumes is less sustainable and is likely to be leached in runoff in
subsequent flow events. The results from all three experiments in this study suggest that seeded grasses are a major sink of N on
harvested blanket peatland forests. Immobilization of N onsite using the grass seeding and mini-buffer practice could be an
efficient and a feasible mean of reducing N export from harvested blanket peatland forests in order to protect the sensitive water
courses. However, the sustainability of retention and immobilization of N by grasses needs to be studied further in long-term
field-scale experiments on multiple peatland sites.
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Introduction

The deterioration of the water quality of peatland-fed headwa-
ters has gained increasing interest in recent years. Often, these

headwaters are oligotrophic by nature and feed waters con-
taining salmonids and freshwater pearl mussels (one of the
most endangered species in the world and protected under
the EU Habitats Directive within Special Areas of
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Conservation), which are very sensitive to changes in water
quality (O’Driscoll et al. 2012). Forestry-related activities
such as drainage, afforestation, fertilization, and harvesting
are seen as one of the major sources of pollutants in these
upland areas as other human activities are generally limited
in these areas. It is estimated that approximately 218,000 ha of
the upland peat catchments in western Ireland were afforested
since the 1950s (Renou-Wilson and Byrne 2015) and most of
these forests have reached harvestable age and are currently or
due to be harvested in the near future. The progression of
harvesting of these upland peat forests will lead to the deteri-
oration of downstream water quality due to nutrient leaching
(Rodgers et al. 2010; O’Driscoll et al. 2016).

Increased input of phosphorus (P) and nitrogen (N) can
lead to oxygen depletion (O’Driscoll et al. 2016) and eutro-
phication of water bodies. Several studies have reported an
increase in leaching of P (Nisbet et al. 1997; Lundin 1998;
Ahtiainen and Huttunen 1999; Nieminen 2003; Cummins and
Farrell 2003; Rodgers et al. 2010; Asam et al. 2014a;
O’Driscoll et al. 2014a; Kaila et al. 2014; Marttila et al.
2018) and N (Rosén and Lundmark-Thelin 1987; Lundin
1999; Nieminen 1998, 2003, 2004; Asam et al. 2014a;
O’Driscoll et al. 2014a; Nieminen et al. 2020a) after harvest-
ing of peatland forests. There could be several reasons for the
increased leaching, but the most immediate is the disruption of
nutrient cycling due to the reduction of tree uptake.

Disturbance of surface peat due to the movement of heavy
machinery during harvesting operations (O’Driscoll et al.
2014a) and increase in the decomposition of organic matter
due to alteration in soil moisture and temperature (LIoyd and
Taylor 1994; Davidson et al. 1998; Roberts et al. 2005) after
harvesting can also increase the release of nutrients from sur-
face peat. In addition, the harvest residue remaining onsite, in
the form of brash mats and windrows, after conventional
stem-only harvesting (Rodgers et al. 2010), is a potential
source of nutrients. Interestingly, studies have reported negli-
gible release of N from decomposing harvest residue during
the initial years (Palviainen et al. 2004; Kaila et al. 2012;
Asam et al. 2014a; Asam et al. 2014b), but the decomposing
harvest residue is also reported to facilitate soil microbial ac-
tivity by providing additional nutrients and fresh organic mat-
ter to the soil microbes (Fontaine et al. 2004, 2007) and may
result in increased decomposition and N release from surface
peat.

Several studies have reported significantly higher concen-
trations of N (NH4

+-N and NO3
−-N) in soil or porewater under

harvest residue piles/windrows when compared to the residue-
free areas (Rosén and Lundmark-Thelin 1987; Nieminen
1998; Asam et al. 2014a). Using the laboratory flume ap-
proach, Asam et al. (2014a) reported significantly higher N
release (in the form of NH4

+-N and NO3
−-N) from peat with

harvest residue (brash) than the peat without harvest residue.
Similarly, O’Driscoll et al. (2014a), in a mini-catchment–scale

plot study on peatlands, also reported significantly higher N
release from plots with harvest residue (brash) than those
without.

One of the widely recommended methods to protect water
courses from the negative impacts of forest harvesting activi-
ties is to divert the runoff through a natural or restored buffer
area before it enters the water courses (Silvan et al. 2004a;
Nieminen et al. 2005; Väänänen et al. 2008; Vikman et al.
2010). However, in Ireland and the UK, the establishment of
riparian buffer areas was not considered during the afforesta-
tion of the majority of upland blanket peat catchments and
trees were planted up to the edges of streams (Ryder et al.
2011). The restoration work required to create buffer areas
on peatlands results in a rise in the water table, leading to
anoxic conditions in surface peat, which increases nutrient
leaching from peat during the initial few years (Kaila et al.
2016). It was recently reported by Nieminen et al. (2020b) that
the restoration of forestry-drained peatlands, to create buffer
areas for water quality protection, resulted in a significant
increase in nutrient, carbon, and heavy metal exports to water
courses. The restoration-induced export of nutrients may be so
high during the initial couple of years that the whole concept
of creation of buffer areas by restoring peatlands to protect
downstream water quality becomes controversial (Nieminen
et al. 2020b).

Well-established vegetation is required for efficient reten-
tion of N in peatland buffer areas (Silvan et al. 2004a), which
can take several years to establish (O’Driscoll et al. 2011). So,
unless the buffer areas are created a number of years prior to
harvesting of upstream forests, they may not be effective for
inorganic N retention (Nieminen et al. 2020b), which is gen-
erally released during the initial few years after harvesting of
peatland forests. The uneven topography and established pref-
erential flow channels contribute to the difficulties in the cre-
ation of effective buffer areas in upland blanket peat catch-
ments in Ireland. Additionally, even if established, they may
not be very effective in retaining nutrients as more than 70%
of the nutrients are released during storm events from harvest-
ed blanket peat sites (Rodgers et al. 2010). During storm
events, the hydraulic loading entering the buffer areas is gen-
erally very high and nutrient retention efficiency of buffer
areas is very low (Silvan et al. 2005; Väänänen et al. 2008;
Vikman et al. 2010; Asam et al. 2012). O’Driscoll et al.
(2014b) reported only 18% retention of P by buffer area cre-
ated in a blanket peatland forest in the west of Ireland.

Whole-tree harvesting (WTH), involving the removal of
stem and the harvest residue, is another potential method to
reduce nutrient leaching after harvesting peatland forests
(Nisbet et al. 1997; Nieminen 2004; Rodgers et al. 2010;
Asam et al. 2014a), but considering the local climatic condi-
tions and characteristics of blanket peatlands in Ireland, the
removal of all the harvest residue may not be practically pos-
sible as the part of harvest residue will still be required in the
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form of brash mats for extraction and transport of tree stems
(Rodgers et al. 2010). In their study of forested upland blanket
peatlands, O’Driscoll et al. (2011) reported a novel method to
immobilize P, which attempted to determine the likely im-
pacts of seeding of the entirety of the harvested peatland im-
mediately post-harvesting with native grasses. Asam et al.
(2012), in a study using the mini-buffer approach (Fig. 1),
suggested that these native grasses retained nearly 90% of P
from nutrient-rich throughflow water, simulating the corre-
sponding release from the brash windrows in harvested blan-
ket peat sites.

The present study aims to investigate the mechanism and
role of seeded native grasses’ ability to immobilize N
on harvested blanket peatland forests in order to reduce
N export to receiving water bodies. Firstly, a plot-scale
experiment was established on a peatland site immedi-
ately after harvesting to investigate the N uptake poten-
tial of seeded grasses (Holcus lanatus and Agrostis
capillaris), alongside field surveys conducted on 9

different blanket peat sites, harvested over the previous
1–5 years, to study the N uptake by natural re-vegeta-
tion. Secondly, a simulated rainfall experiment was con-
ducted using laboratory flumes to examine the leaching
of N in surface runoff from surface peat seeded with
grasses (grassed flumes) and non-seeded control (non-
grassed flumes) with natural re-vegetation. Finally, the
retention of N by well-established grassed flumes and
non-grassed flumes (control with natural re-vegetation)
was assessed by subjecting them to N-rich overland
flow events, simulating the N released from brash mats
and windrows on harvested blanket peatlands. It was
hypothesized that seeded grasses would significantly im-
prove N uptake during the initial year after harvesting
and immobilize higher amount of N onsite as compared
to natural re-vegetation. It was also hypothesized that
the seeded grasses (grassed flumes) would have higher
N uptake from N-rich throughflow water as compared to
natural re-vegetation (non-grassed control flumes).

Fig. 1 Photo of a clear-felled peatland forest site (a), schematic presen-
tation of current (normal) situation of a clear-felled area and buffer area
(b), and proposed mini-buffer approach by re-orienting the brash

windrows (c) (Asam et al. 2012). Reprinted figure with permission from
Elsevier. Copyright©2012. License Number: 4922400445350
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Materials and methods

Nitrogen in biomass of grass-seeded plots and natural
re-vegetation

Grass-seeding plot-scale study was conducted in the
Glennamong river catchment (53° 58′ N, − 9° 37′ E, 69 m
a.s.l.), where 1 ha forest area was harvested in August 2009
(Table 1). Three plots, approximately 100 m2 (plot 1), 360 m2

(plot 2), and 660 m2 (plot 3) were selected, and all harvest
residue was removed from these plots. Each of the selected
plots was seeded with a 50:50 ratio of two grass species name-
ly, Holcus lanatus and Agrostis capillaris, at a rate of 36 kg
ha−1 in October 2009 (O’Driscoll et al. 2011). A non-seeded
area beside the seeded plots was used as an experimental con-
trol (non-grassed). Soil characteristics of the Glennamong site
are presented in Table 2. For the natural re-vegetation survey,
a total of nine blanket peatland sites were selected in close
proximity (within 10 km) to the Glennamong site, which were
harvested in the previous 1–5 years (Table 1). All the sites had
similar soil type, climatic and hydrological conditions and
received approximately 2000 mm of precipitation annually.

For more detail on the study sites, see O’Driscoll et al.
(2011) and Asam et al. (2012, 2014b).

Estimation of aboveground vegetation biomass from the
seeded grass plots (plots 1, 2, and 3) along with the nine
selected peatland sites was conducted in August 2010, using
the standard procedure explained in O’Driscoll et al. (2011).
Following the estimation of biomass (Fig. 2), all dried vege-
tation and grass samples were separately stored in the labora-
tory prior to further analysis of N content. In order to observe
the ability of seeded grasses to assimilate N available in the
root zone, soil porewater samples were collected from 3 grass-
seeded plots and 1 non-grassed control plot using suction
samplers attached to a removable syringe (Rhizon MOM
10 cm moisture filters) (Asam et al. 2012; Asam et al.
2014a). The porewater was collected from the top 0–10-cm
layer of peat at three randomly selected points in each of the
four plots in August 2010 and subsequently transported to the
laboratory and stored at 4 °C until further analysis.

Table 1 General information about the harvested blanket peat sites surveyed for natural re-vegetation in county Mayo in the west of Ireland

Site ID Site name Location (coordinates) Tree species Time since harvesting (years)

1 Srahrevagh 54° 00′ N, − 9° 32′ E Lodgepole pine 5.0

2 Glendahurk-1 53° 95′ N, − 9° 65′ E Lodgepole pine 4.5

3 Altahoney 54° 00′ N, − 9° 57′ E Lodgepole pine 4.0

4 Maumaratta 54° 01′ N, − 9° 66′ E Lodgepole pine 3.0

5 Glendahurk-2 53° 95′ N, − 9° 65′ E Lodgepole pine 2.5

6 Goulaun 54° 02′ N, − 9° 57′ E Lodgepole pine 2.0

7 Teevaloughan 53° 96′ N, − 9° 52′ E Lodgepole pine and Sitka spruce 1.5

8 Glennamong 53° 58′ N, − 9° 37′ E Lodgepole pine 1.0

9 Tawnynahulty 54° 05′ N, − 9° 59′ E Lodgepole pine 1.0

All these sites were afforested in 1971

Table 2 Properties of soil at 0–20 cm peat depth at Glennamong and
Srahrevagh sites

Parameters Glennamong site Srahrevagh site

Bulk density (g cm−3) 0.10 ± 0.02 0.10 ± 0.01

Organic matter (%) 95.7 97.0

Carbon (%) 53.1 53.8

Nitrogen (%) 2.3 2.3

Phosphorus (g kg−1) 0.35 0.47

Iron (g kg−1) 1.31 0.74

Aluminium (g kg−1) 1.34 0.77

y = 1438.4x - 1431.6

R² = 0.911
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Fig. 2 Aboveground vegetation biomass (dry mass) of natural re-
vegetation in surveyed blanket peatland sites (reproduced from
O’Driscoll et al. 2011).
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Simulated rainfall and laboratory flume experiment

Flume preparation

The flume samples were prepared from Srahrevagh river
catchment (54° 00′ N, − 9° 32′ E, 220 m a.s.l.), before forest
harvesting. Soil characteristics of the Srahrevagh site are pre-
sented in Table 2. To prepare the laboratory flumes, 0.1-m–
deep slabs of surface peat were collected using a rectangular
flume sampler (Asam et al. 2014a). The flume sampler was
constructed from galvanized steel with dimensions of 1 m
length, 0.225 m width, and 0.1 m depth. To collect the peat
slabs, the flume sampler was inserted upside down and verti-
cally through the peat surface and extracted intact with the aid
of a wide flat spade. After collection, the flume samplers con-
taining the peat were transported to the laboratory where the
peat within the sampler was transferred into 2-m–long, 0.225-
m–wide, and 0.13-m–deep flume so that two slabs of peat
(surface layer up) were placed tightly against each other to
form a continuous peat surface (Mulqueen et al. 2006, Asam
et al. 2012, 2014a; Fig. 3).

Using this method, six flume samples were prepared in the
lab. Three out of 6 flume samples were seeded with Holcus
lanatus and Agrostis capillaris (50:50) grasses using the same
seeding rate of 36 kg ha−1 as for the grass-seeded plots at
Glennamong site and the remaining three flume samples were
retained as non-grassed controls. After seeding of grasses and
for the duration of the rainfall and overland flow study, the
flumes were stored in an unheated glass house and subjected
to local weather conditions, except rainfall (Fig. 3; Asam et al.
2012; Asam et al. 2014a).

Simulated rainfall experiment

Rainfall events were applied using a rainfall simulator con-
structed in the laboratory, which was calibrated to achieve an
intensity of 30mm h–1 at 85% uniformity. Further detail about
the rainfall simulator is available in Asam et al. (2014a). The
source water for rainfall was potable tap water with measured
P, NH4

+-N, and NO3
−-N concentrations of 0.005 mg L−1,

0.026 mg L−1, and 0.12 mg L−1, respectively. The measured
electrical conductivity of source water was 0.435 dS m−1, and
pH was 7.7. The stored grassed and non-grassed flume sam-
ples were transferred to the laboratory for irrigation with sim-
ulated rainfall once in a week for the first 6 weeks and once in
a fortnight for the subsequent time period. The slope of the
flumes was set at 5° during the whole experiment, simulating
the average hill slope gradient in blanket peatlands.

Every rainfall event lasted for 1 h after the start of runoff
into the collection bucket (Fig. 4), and it took 10 to 15 min of
additional rain to saturate the soil in flume samples before the
runoff started during those rainfall events. Runoff water vol-
ume was measured from the runoff collection bucket at the

end of each rainfall event, and a subsample was filtered using
0.45 μm syringe filters, which was stored at 4 °C until further
analyses. The simulated rainfall experiment continued for 48
weeks (340 days, from June 2010 to May 2011). During this
period, 24 rain events were applied with a total rainfall sum of
880mm. In addition to runoff samples, soil porewater samples
were also collected from these flumes to examine the relation-
ship of N concentration (mg L−1) in porewater with the N
concentration (mg L−1) in the runoff. The porewater filters
were inserted at three different points along the length of the
flumes at distances of 0.5 m, 1.5 m, and 1.75mmeasured from
the flume inlet (Fig. 3), and porewater samples were again
collected using suction samplers as explained in the previous
section. The porewater samples were collected 1–2 h before
applying the rainfall and stored at 4 °C until further analysis.

Grass was well established on the grassed flumes by the
end of October 2010 (21 weeks since seeding) and continued
to improve after that. Some growth of vegetation (mainly
mosses) was also observed in non-grassed flumes at the end
of the simulated rainfall study (week 48). Growth of vegeta-
tion in grassed and non-grassed flumes at different stages of
simulated rainfall study is presented in Fig. 3.

Simulated overland flow experiment

The grassed and non-grassed flumes established after the 48
week simulated rainfall experiment (Fig. 3) were re-deployed
for use in this part of the study. This experiment was conducted
in June–July 2011. Its purpose was to examine the effectiveness
of seeded grasses (grassed flumes) to uptake N from nutrient-
rich throughflow water. This might demonstrate how using
grass seeding as a management technique could immobilize N
onsite rather than letting it progress downslope to buffer areas
where retention efficiency is reported to be low (O’Driscoll
et al. 2014b). This experiment was simulating the grassed and
non-grassed flumes as mini-buffers (Fig. 1) established be-
tween the brash mats/windrows, and different inlet NH4

+-N
concentrations in overland flow in this study simulate the po-
tentially higher NH4

+-N concentrations released from soils un-
derneath the brash mats/windrows (Asam et al. 2014a).

The flumes were subjected to 8 different overland flows
with different NH4

+-N concentrations (Fig. 4). The hydraulic
loading for all the flows was kept low and constant at 30mm h
−1, simulating the generally low-flow scenario observed in
areas between brash mats/windrows as compared to normal
buffer areas downstream of the catchments where hydraulic
loading is generally higher (Asam et al. 2012; Fig. 1). The
concentrations of NH4

+-N were prepared in a feeding tank
by dissolving NH4Cl in the same source water used in the
simulated rainfall study. The concentrations of NH4

+-N in
the range of 0–2 mg L−1 in runoff from harvested peatland
forests, using artificial brash windrows experiment, have been
reported by Asam et al. (2014a). As the hydraulic loading
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selected for this experiment was low (30 mm h−1), the higher
concentrations of NH4

+-N were used in order to give reason-
able N loading to the flumes. The prepared NH4

+-N concen-
trations were 1.0 (C1), 2.0 (C2), 4.0 (C3), and 6.0 (C4) mg L−1

with an equivalent NH4
+-N loadings of 30, 60, 120, and

180 mg m−2, respectively. Each NH4
+-N concentration was

applied twice, and the order of addition was as follows: C1,
C2, C3, C4, C4, C3, C2, and C1. The NO3

−-N was not added
in the nutrient-rich water as NO3

−-N concentration released
from harvested blanket peatlands is generally low (Asam et al.
2014a). However, the concentration naturally present in the
source water was 0.12 mg L−1 resulting in NO3

−-N loading of
3.6 mg m−2 during each flow event.

During all overland flow events, the slope of the flumes
remained set at 5°. The N-rich water, prepared in the feeding
tank, was pumped into the small chamber at the upslope end
of the flume, which subsequently filled and flowed over the
surface of peat through the 2-m length of flume and ultimately
into the effluent collection bucket at the downslope end of the
flume (Fig. 4). Runoff volume collected in the bucket was
measured at the end of each flow event, and a subsample
was filtered using a 0.45-μm syringe filter, which was stored
at 4 °C until further analyses. The 8 overland flow tests were
conducted in 2 months, and the total hydraulic load applied
during this whole period was 240 mm. There was a gap of 1
week between each flow event, and the flumes were stored in

Week 3 of 

simulated 

rainfall study

Week 21 of 

simulated 

rainfall study

Week 48, 

end of 

simulated 

rainfall study 

and 

Start of 

Overland 

flow study

Fig. 3 Photos of laboratory
flumes, stored in glass house,
showing the difference between
grassed and non-grassed flumes at
various stages of simulated rain-
fall and overland flow study
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the glass house during that time. The selected hydraulic load-
ing was calculated from an equivalent rainfall of 2000 mm
year−1, which is typical in the blanket peatland sites in the
west of Ireland and assuming that approximately 75% of this
rainfall results into runoff based on the finding (70 to 80%)
reported by Labadz et al. (2010) regarding the peatlands.
Runoff water quantity of 240 mm applied in 2 months
(30 mm in every flow event) is equivalent to 1440 mm year−1

which is quite reasonable to compare with the on-field situa-
tion on selected blanket peat sites.

To understand if the vegetation was effectively taking
up N from peat in flumes, soil porewater samples were
collected from both the grassed and non-grassed flumes
using the same process described in “Simulated rainfall
and laboratory flume experiment.” Porewater samples
were collected within 1 h after each overland flow event
and again after 1 week. At the end of simulated over-
land flow experiment, the above ground vegetation from
both the grassed and non-grassed flumes was harvested,
dried at 60 °C until constant mass, weighed for bio-
mass, and stored until further analysis.

Laboratory analysis and calculations

The stored runoff and porewater samples from all the experi-
ments were analyzed for NO3

−-N and NH4
+-N within 1 week

of collection using a Konelab 20 auto analyzer (Asam et al.
2014a; O’Driscoll et al. 2014a). The harvested and dried veg-
etation and grass samples from “Grass-seeded plots and natu-
ral re-vegetation” and “Simulated overland flow experiment”
were milled to a particle size of approximately 2 mm and
analyzed for total N using a Leco CHN 1000 analyzer. In
the simulated rainfall experiment, the total amounts (mg
m−2) of NH4

+-N and NO3
−-N exiting the flumes were calcu-

lated by multiplying the respective concentrations with the
volume of water collected in the bucket at the end of each
rainfall event. The individual loads from all the 24 rainfall
events were added together to calculate the total export of
NH4

+-N and NO3
−-N (mg m−2) during the 48 weeks of sim-

ulated rainfall study.
Similarly, during the simulated overland flow experiment,

the total loads of NH4
+-N and NO3

−-N exiting the flumeswere
calculated by multiplying the respective concentrations

Outer wall of the flume 
containing peat inside

Pump
Rainfall 

Simulator
Flume

Prich water 
tank

Water Reservoir

Weir

Grasses

Platform scale

Effluent

WeirEffluent 
Collecting 
Chamber

Runoff Collection 
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Fig. 4 Experimental setup of simulated overland flow (left) and simulated rainfall (right) study
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Fig. 5 Nitrogen in aboveground vegetation biomass (left) and NH4
+-N in porewater (right) of grassed and control plots established at Glennamong site
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measured in the outlet with the water volume collected in the
bucket at the end of each flow event. The difference in con-
centration of inlet and outlet during each flow event was used
to calculate the N retention both in terms of % age and mg
m−2. The results of all the 8 flow events were added together
to calculate the overall difference of N retention between
grassed and non-grassed flumes during the whole overland
flow study period. Statistical analysis was done by using the
Statistical Package for the Social Sciences (SPSS) 21.0 and
Microsoft Excel 2016. Student’s t test was employed, and p <
0.05 was considered statistically significant for comparing
different responses of NH4

+-N and NO3
−-N concentrations

both in grassed and non-grassed flumes.

Results and discussion

Nitrogen uptake by seeded grasses and natural re-
vegetation on harvested blanket peatlands

Total N content in aboveground biomass of grass-seeded
study plots 1, 2, and 3 was 44.7, 12.1, and 33.2 kg ha−1,
respectively (Fig. 5), with an average of 30 kg ha−1. In con-
trast, the total Nmeasured in non-seeded control plot was only
0.4 kg ha−1 (Fig. 5). The NH4

+-N concentration measured in
porewater samples of control plot was 1.65 mg L−1, which
was higher than respective concentrations in grass-seeded plot
1 (0.06 mg L−1), plot 2 (0.20 mg L−1), and plot 3 (0.10 mg
L−1) (Fig. 5). Nitrate-N was not detected in any of the
porewater samples from grass-seeded and control plots.

The total N content (kg ha−1) of natural re-vegetation in
different surveyed blanket peatland sites is presented in Fig.
6. There was no measurable vegetation in the first year after
harvesting of surveyed sites as the vegetation started to estab-
lish after about 1.5 years post-forest harvesting on blanket
peatlands (O’Driscoll et al. 2011; Fig. 2). Therefore, there
was no nitrogen uptake shown by natural vegetation during
the first year after harvesting. The total N content in the above-
ground vegetation started to appear in the second-year post-
harvesting and increased linearly with vegetation biomass and
reached approximately 62 kg ha−1 at 4 years post-harvesting
(Fig. 6). The N content in the aboveground biomass of grass-
seeded plots was significantly higher (p = 0.05) when com-
pared with control plots and surveyed blanket peatlands har-
vested 1 year prior to the survey.

This study supports the hypothesis that seeded grasses
(H. lanatus and A. capillaris) have the potential to accumulate
a significant amount of N during the first year of seeding soon
after the forest harvesting on blanket peatlands (Fig. 5). The
accumulated N by seeded grasses in plot scale study is almost
equal to a cumulative of about 2.5 years by natural re-
vegetation on harvested blanket peatlands (Fig. 6). This higher
N accumulated in grassed plots is mainly due to the

significantly higher vegetation biomass production in grass-
seeded plots as compared to the natural re-vegetation 1 year
post-harvesting (O’Driscoll et al. 2011).

This is important to note that on upland peat catchments in
Ireland, the forests planted with lodgepole pine trees are very
dense (2800 stems ha−1) as compared to peatlands forests in
countries such as Sweden and Finland (1000 stem ha−1)
(Rodgers et al. 2010). These tree stands with little self-prun-
ing, lack of thinning operations, thick ground-needle layer,
and limited light penetration at the forest floor (Rodgers
et al. 2010; Asam et al. 2014a), makes it very difficult for
vegetation to grow on the forest floor. This is probably one
of the major reasons that there is no or very little ground
vegetation on the forest floor of blanket peatlands. It can take
several years after harvesting before significant biomass of
natural vegetation is developed (O’Driscoll et al. 2011) to
support the nutrient cycling, including N, for its effective im-
mobilization on site. The uptake of N by well-developed
peatland forests varies between 26 and 49 kg ha−1 year−1

(Finér 1989; Nieminen 1998), and it was very encouraging
that the N taken up by grasses in the plot-scale study on aver-
age was 30 kg ha−1 in the first year after seeding (Fig. 5).

Vegetation is one of the main factors for N uptake and
immobilization in peatlands as it converts it into organic form,
which has very low mobility (Silvan et al. 2004a, 2004b).
Enhanced vegetation growth after harvesting of blanket
peatland forests have been reported to immobilize P onsite
and have the potential to reduce P in runoff (O’Driscoll et al.
2011, 2014a). The higher N content by grasses on seeded plots
and corresponding lower concentrations of NH4

+-N in the
pore water (Fig. 5) as compared to control plots reflects the
effectiveness of grasses in taking up inorganic N from peat
soil that otherwise would potentially leach to the downstream
water courses.

Nitrogen release dynamics from grassed and non-
grassed flumes in simulated rainfall study

During the 48 weeks of simulated rainfall study, the non-
grassed flumes released significantly (p = 0.01) higher
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veyed blanket peatlands
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concentrations of NH4
+-N (Fig. 7) as compared to grassed

flumes. Three distinct phases of NH4
+-N release were ob-

served during the whole period of simulated rainfall experi-
ments. In the first phase (weeks 1–21, June to October 2010),
there was a very low concentration range of NH4

+-N released
from grassed flumes (0.02–0.24 mg L−1) as compared to non-
grassed flumes (0.02–2.94 mg L−1). During the second phase
(weeks 22–38, November 2010 to February 2011), relatively
higher concentration of NH4

+-N was released from grassed
flume as compared to the first phase. However, the concentra-
tions of NH4

+-N released during this phase from non-grassed
flumes (2.40–3.17 mg L−1) were still significantly higher than
grassed flumes (0.63–1.52 mg L−1) (Fig. 7). In the third phase
(weeks 38–48, March to May 2011), the concentration of
NH4

+-N in runoff from grassed flumes decreased from
1.27 mg L−1 in March down to 0.01 mg L−1 in May. In the
same period, the NH4

+-N concentration from non-grassed
flumes decreased from 2.07 down to 0.68 mg L−1. The total
NH4

+-N released from non-grassed flumes was significantly
(p = 0.00) higher (1530 ± 31 mg m−2) than grassed flumes

(453 ± 236 mg m−2) during 48 weeks of simulated rainfall
study (Table 3).

Nitrate-N release from flumes followed a different pattern
than NH4

+-N (Fig. 7). Concentrations of NO3
−-N released

from non-grassed flumes were in the range of 0.0–0.87 mg
L−1, whereas, no NO3

−-N release (0.0 mg L−1) was observed
from grassed flumes throughout the simulated rainfall study.
A spike in the concentration of NO3

−-N release from non-
grassed flumes was observed in the start of spring 2011 (week
38) when it reached a maximum concentration of 0.87 mg L−1

and reduced to 0.33 mg L−1 again in April and 0.02 mg L−1 in
May (Fig. 7). Overall, the export of NO3

−-N from non-grassed
flumes was 113 ± 91 mg m−2, which was significantly higher
(p = 0.01) as compared to grassed flumes (0.0 mg m−2)
(Table 3).

The porewater concentrations for the first 8 rainfall events
are not shown as there was no measurement of porewater for
these initial events. Porewater NH4

+-N concentrations mea-
sured before applying the rainfall events were in the range of
1.7–4.7 mg L−1 in non-grassed flumes, which were

Table 3 NH4
+-N and NO3

−-N
leached in runoff from grassed
and non-grassed flumes during
simulated rainfall study

Flume type NH4
+-N and NO3

−-N leached during 48 weeks of simulated rainfall study

NH4
+-N (mg m−2) NO3

−-N (mg m−2)

Non-grassed flumes 1530 ± 31 113 ± 91

Grassed flumes 453 ± 236 0 ± 0
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significantly higher (p = 0.00) than in grassed flumes (0.04–
3.0 mg L−1) (Fig. 8a). Similarly, porewater NO3

−-N concen-
trations were in the range of 0.0–1.0 mg L−1 and 0.0–0.12 mg
L−1, respectively, from non-grassed and grassed flumes (Fig.
8b) and were significantly (p = 0.00) different. Porewater
NH4

+-N concentrations measured from flumes were plotted
against NH4

+-N concentrations measured in runoff from
flumes (Fig. 8c), which showed a strong linear correlation
(R2 > 0.95). Similarly, porewater NO3

−-N concentrations also
showed a correlation with NO3

−-N concentrations in runoff
(Fig. 8d).

The simulated rainfall study using laboratory flumes also
supported this hypothesis that seeded grasses will reduce
leaching of N from surface peat after harvesting. The grassed
flumes released almost 70% lower NH4

+-N as compared to
non-grassed flumes (Table 3). Combining NH4

+-N and NO3
−-

N (Inorganic N), the release from grassed flumes is almost
72% lower than the non-grassed flumes (Table 3). The release
of N observed in the simulated rainfall study is mainly in the
form of NH4

+-N, the likely reason is that blanket peatlands are
acidic in nature and are saturated most of the time mak-
ing conditions highly anaerobic and unfavourable for
nitrification and hence NO3

−-N production (Regina
et al. 1996). However, higher concentrations of NO3

−-
N have been released by non-grassed flumes in early

spring (Fig. 7), suggesting that nitrification may have
occurred due to higher evaporation and creation of aer-
obic conditions in peat in flumes. The same release
trend has not been seen in grassed flumes, possibly
because grasses had taken up any NO3

−-N produced in
grassed flumes. Release of N from peat during the sim-
ulated rainfall study suggests that harvested peatlands
are sources of N release in runoff irrespective of the
harvest residue, similar findings have been reported by
Asam et al. (2014a). However, the level of concentra-
tions released in laboratory flume study could be higher
than in the field due to more favourable conditions in
the laboratory and glass-house for decomposition and
other mechanisms facilitating the release of N. The sig-
nificant reduction in N release by grassed flumes in this
study clarifies that the grasses grown after harvesting of
blanket peatland forests have a high potential of
immobilizing N onsite.

Nitrogen uptake dynamics of grassed and non-
grassed flumes during nutrient-rich simulated over-
land flow study

The NH4
+-N retention by grassed and non-grassed flumes

during the overland flow study is presented in Fig. 9 and
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Table 4. Grassed flumes removed 94–99% of NH4
+-N during

overland flow events, depending on NH4
+-N inflow concen-

tration (Table 4). The retention of NH4
+-N by non-grassed

flumes was 23–83% (Table 4) during the same events.
Average retention (%) of NH4

+-N by grassed flumes was
98%, which was significantly higher (p = 0.00) than non-
grassed flumes (70%). Total NH4

+-N retained during the
whole overland flow experiment was 766 ± 11 mg m−2 and
551 ± 56 mg m−2, respectively, by grassed and non-grassed
flumes (Table 4). Figure 9 shows that % NH4

+-N retention by
non-grassed flumes decreased with decrease in inlet NH4

+-N
concentration and the difference between grassed and non-
grassed flumes to retain NH4

+-N increased with decreasing
inlet concentration of NH4

+-N mainly because the grassed
flumes consistently retained over 94% of added NH4

+-N dur-
ing all the overland flow events.

The concentration of NO3
−-N was not added into the

source water during different events, however, there was
about 3.6 mg m−2 of NO3

−-N available in each flow event
due to natural background concentration (0.12 mg L−1) of
NO3

--N present in the source water. Leaching or retention of
these NO3

−-N concentrations by grassed and non-grassed
flumes is presented in Table 5. In general, the grassed flumes
retainedmost (77%) of the NO3

−-N present in each of the flow
events, whereas the non-grassed flumes did not retain NO3

−-
N, they even released additional amounts of NO3

−-N into the
outlet (Table 5). Total inflow of NO3

−-N on to the flumes
during 8 overland flow events was 28.8mgm−2. Total outflow
of NO3

−-N from grassed flumes was 6.5 ± 0.4 mg m−2 (22.3 ±
0.4 mg m−2 or 77% retained) and non-grassed flumes was
42.9 ± 0.1 mg m−2 (14.1 mg m−2 additional leaching)
(Table 5). This outflow of total NO3

−-N from grassed flumes
was significantly lower (p = 0.00) than non-grassed flumes.

The porewater concentrations of NH4
+-N in samples taken

within 1 h of each flow event were significantly higher (p =
0.00) in non-grassed flumes (1.22–2.04 mg L−1) as compared
to grassed flumes (0.03–0.18 mg L−1) (Fig. 10). The
porewater NH4

+-N concentrations measured after 1 week of
each flow event were still significantly higher (p = 0.00) in
non-grassed flumes (1.10–1.85 mg L−1) as compared to
grassed flumes (0.01–0.04 mg L−1), suggesting quick and ef-
fective uptake by vegetation in grassed flumes after each flow
event (Fig. 10). There was no NO3

−-N observed in the
porewater of grassed flumes during the whole overland flow
experiment; however, in non-grassed flumes, there was
scattered presence of NO3

−-N during different flow events
which ranged from 0.0 to 0.35 mg L−1 and 0.0 to 0.22 mg
L−1, respectively, within 1 h and 1 week of flow events (Fig.
10). This difference of porewater NO3

−-N between grassed
and non-grassed flumes was significant (p = 0.00). Mass of
aboveground vegetation measured at the end of simulated
overland flow study was 484 ± 139 g m−2 and 173 ± 28 g
m−2, respectively, for grassed and non-grassed flumes. The
total N content in aboveground biomass for grassed and
non-grassed flumes was 5756 ± 1649 mg m−2 and 2199 ±
356 mg m−2, respectively.

The upland blanket peat catchments in Ireland were com-
monly prepared for afforestation by ploughing (Carling et al.
2001) which created drainage furrows at intervals of approx-
imately 2.0 m that follow the slopes down to collector drains,
collecting surface runoff waters from the catchment, prior to
entering streams or rivers (Rodgers et al. 2010; O’Driscoll
et al. 2014a). During forest harvesting on blanket peatlands,
the harvest residue, consisting of tree crown and any side
branches, is used as protective brash mats underneath the
heavy harvesting machinery to maintain the integrity of the

Table 4 NH4
+-N retention by grassed and non-grassed flumes during nutrient-rich overland flow study

Flow ID Inlet NH4
+-N conc. (mg L−1) Average NH4

+-N input (mg m−2) Grassed flumes Non-grassed flumes

NH4
+-N retention NH4

+-N retention

(%) (mg m−2) (%) (mg m−2)

C1 1.0 30.0 93.7 ± 1.9 28.1 ± 0.6 23.2 ± 20.2 6.7 ± 6.6

C2 2.0 60.0 98.0 ± 0.9 58.8 ± 0.5 62.5 ± 13.0 37.5 ± 7.8

C3 4.0 120.0 98.7 ± 1.1 118.5 ± 1.3 77.8 ± 6.4 93.3 ± 7.7

C4 6.0 180.0 98.4 ± 1.6 177.2 ± 2.8 83.3 ± 3.3 149.9 ± 5.9

C4 6.0 180.0 93.3 ± 1.7 177.0 ± 3.1 73.9 ± 3.8 133.1 ± 6.8

C3 4.0 120.0 98.5 ± 1.1 118.2 ± 1.3 67.8 ± 7.2 81.4 ± 8.7

C2 2.0 60.0 98.5 ± 1.4 59.1 ± 0.8 62.8 ± 14.1 37.7 ± 8.4

C1 1.0 30.0 97.5 ± 1.7 29.2 ± 0.5 37.2 ± 27.1 11.2 ± 8.1

Total during all flow events 780.0 98.2 ± 0.0 766.1 ± 10.9 70.6 ± 0.1 550.7 ± 56.0

Values are average of three flumes for each inlet NH4
+ -N concentration. “±” is standard deviation of mean
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peat surface and to facilitate the extraction of stems from the
harvested site to the road (Rodgers et al. 2010). To facilitate
the replanting of the site, some site preparation is required and
the brash mats are collected together and re-shaped to form
lines of forest residue called windrows. Generally, these wind-
rows follow the main slope and drainage furrows in parallel
rows to about 20 m from the edge of streams (Rodgers et al.
2010; Asam et al. 2014a). It was recommended by Asam et al.
(2012) and O’Driscoll et al. (2014a) in their studies on blanket
peat that brash windrows may be formed across the slope on
harvested sites rather than along the slope and direction of
furrows in order to maximize the retention of P by surface
layer of peat and vegetation/grasses between brash windrows
(Fig. 1; Asam et al. 2012; O’Driscoll et al. 2014a). The brash
free areas downslope and between brash mats/windrows will
act like mini-buffers where hydraulic loading is low as com-
pared to traditional buffer areas downslope the catchment,
allowing sufficient retention time for effective nutrient uptake
by soil and vegetation (Fig. 1).

The results of simulated overland flow study support the
hypothesis that grasses grown in mini-buffers between brash
mats/windrows would be an efficient means for N retention
on-site from throughflow nutrient-rich water. During all the
flow events, the grassed flumes retained over 94% of added
NH4

+-N irrespective of increase (C1–C4) or subsequent de-
crease (C4–C1) in the inlet concentration of NH4

+-N in over-
land flows (Table 4) with overall average retention of over
98%. Whereas, the retention of NH4

+-N by the non-grassed
flumes was significantly lower (23%) as compared to grassed
flumes (94%) when the inlet concentration was 1.0 mg L−1

(C1) and this % retention increased (from 23 to 83%) with an
increase in inlet concentration (C1–C4). However, it started to
decrease again (74 to 37%) when the inlet concentration was
reduced from C4 to C1 in the second set of overland flow
events (Table 4). This is highlighted that even though the
overall retention by non-grassed flumes is high (70%), they
will not be very effective at lower concentrations (Table 4;
Fig. 9).

Table 5 Dynamics of NO3
−-N release and retention from grassed and non-grassed flumes during nutrient-rich overland flow study

Flow ID Inlet NO3
−-N conc.

(mg L−1)
Average NO3

−-N input
(mg m−2)

Grassed flumes Non-grassed flumes

NO3
−-N output

(mg m−2)
Net retention
(mg m−2)

NO3
−-N output

(mg m−2)
Net retention
(mg m−2)

C1 0.12 3.6 1.5 ± 0.2 2.1 ± 0.2 3.8 ± 0.6 − 0.2 ± 0.6

C2 0.12 3.6 1.1 ± 0.2 2.5 ± 0.2 3.5 ± 0.7 0.1 ± 0.7

C3 0.12 3.6 1.1 ± 0.1 2.5 ± 0.1 5.7 ± 1.3 − 2.1 ± 1.3

C4 0.12 3.6 0.8 ± 0.1 2.8 ± 0.1 5.0 ± 0.7 − 1.4 ± 0.7

C4 0.12 3.6 1.0 ± 0.1 2.6 ± 0.1 7.2 ± 1.8 − 3.6 ± 1.8

C3 0.12 3.6 0.9 ± 0.2 2.7 ± 0.2 7.1 ± 2.1 − 3.5 ± 2.1

C2 0.12 3.6 0.0 ± 0.1 3.6 ± 0.1 7.3 ± 1.8 − 3.7 ± 1.8

C1 0.12 3.6 0.0 ± 0.1 3.6 ± 0.1 3.3 ± 2.4 0.3 ± 2.4

Total during all flow
events

28.8 6.5 ± 0.4 22.3 ± 0.4 42.9 ± 9.0 − 14.1 ± 9.0

Values are average of three flumes. “±” is standard deviation of mean
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Although the N uptake by grassed flumes is significantly
higher, the non-grassed flumes have also shown a reasonable
N uptake during the nutrient-rich overland flow study. One
likely reason for this considerable N uptake by non-grassed
flumes is the significant growth of natural vegetation even in
non-grassed flumes as all the flumes were kept in the glass-
house during the simulated rainfall and overland flow study,
where there were favorable conditions for the growth of veg-
etation. The biomass of vegetation harvested from non-
grassed flumes at the end of overland flow study was 173 g
m−2 with an overall N content of 2199 mg m−2 in comparison
the grassed flumes produced 484 g m−2 grass biomass with a
total N content of 5756 mg m−2 during the same period
(“Simulated overland flow experiment”). Secondly, the mech-
anisms other than vegetation uptake could also be responsible
for N uptake in non-grassed flumes such as the microbial
biomass. Silvan et al. (2003), in their study on peatland buffer
areas, reported that about 15% of added inorganic N was
immobilized by microbial biomass.

The importance of grasses in N immobilization is further
signified with the facts that the concentrations of NH4

+-N in
pore water of non-grassed flumes are consistently higher than
grassed flumes even after 1 week of application of nutrient-
rich overland flows (Fig. 10), indicating that the retention by
non-grassed flumes is not long term and sustainable. It has a

high risk of subsequent leaching in runoff as the concentration
of NH4

+-N in pore water has a strong correlation with a cor-
responding concentration in runoff (Fig. 8). Whereas in
grassed flumes, the significantly lower concentrations in
porewater suggest effective uptake of NH4

+-N soon after the
application of nutrient-rich overland flow (Fig. 10). It is fur-
ther noted that higher export of NO3

−-N is measured in out-
flow from non-grassed flumes as compared to grassed flume
in each overland flow test (Table 5). This concentration of
NO3

−-N is higher than even the default input of NO3
−-N in

nutrient-rich overland flow suggesting that a part of NH4
+-N

retained by non-grassed flumes is converted to NO3
−-N.

Higher concentration of N is reported to enhance the N min-
eralization in peat, which leads to an increase in the nitrifica-
tion process (Mäkiranta et al. 2012). On the other hand, the
grassed flumes effectively removed NH4

+-N from the
nutrient-rich flow and porewater, allowing less time for N
mineralization and NO3

−-N formation.
Vegetation can also increase the retention of nutrients from

throughflow water by making the soil more porous and divert-
ing more water towards the root zone. Several studies have
shown that vegetation can effectively uptake nitrogen (NH4

+-
N and NO3

−-N) from soils and throughflow water (Huttunen
et al. 1996; Bedard-Haughn et al. 2004; Silvan et al. 2004a;
Silvan et al. 2004b; Hefting et al. 2005; Søvik and Syversen
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2008; Bhattarai et al. 2009). In an artificial nutrient addition
experiment by Silvan et al. (2004a) on a restored peatland
buffer area, vegetation biomass was responsible for uptake
of over 70% of the added 90 kg ha−1 of N. If the N taken up
by the grasses and vegetation ends up as their organic struc-
tural component and accumulates, the sustainable N immobi-
lization is possible.

Conclusions

Given (1) the difficulties in the construction of buffer areas in
blanket peatlands (Ryder et al. 2011; O’Driscoll et al. 2014b),
(2) the negative effects of restoration work during the creation
of buffer areas in peatland forestry and subsequent leaching of
nutrients and heavy metals (Kaila et al. 2016; Nieminen et al.
2020b), (3) the low retention efficiencies during typical high
hydraulic loadings in the blanket peatlands (Asam et al. 2012;
O’Driscoll et al. 2014b), and (4) difficulties in removing all
the harvest residue from blanket peatlands due to poor carry-
ing capacity of the peat, the results of all the three experiments
in this study suggest that seeded grasses are a major sink of N
and immobilization of N onsite using the grass seeding and
mini-buffer practice (by changing the orientation of brash
windrows) could be an efficient and feasible means of reduc-
ing N export from harvested peatlands in order to protect
sensitive water courses. However, the sustainability of reten-
tion and immobilization of N needs to be studied further in
long-term field-scale experiments.
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