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Abstract

One of the ways of mitigating climate change and increasing removal of carbon dioxide
from the atmosphere is by providing forests with additional nutrients through fertilization.
However, there is a concern that fertilizer nutrients can leach into streams which in turn can
elevate risks of eutrophication. This can negatively impact aquatic life in streams, rivers and
lakes surrounding the fertilized area. This thesis explores 10-years of intensive nitrogen (N)
demand-driven fertilization in a large-scale experiment in southern Sweden. Nitrogen transport
trends for the years 2012-2021 were analysed in two catchment areas by collecting streamflow
and nutrient concentration measurements. In one of the catchments, young Norway spruce
stands was fertilized every second year starting at a mean height of 2-4 m, leading to
fertilization of in total one fifth of the area, whereas the other catchment served as an
unfertilized control. A range of streamflow estimation methods were applied to acquire
accurate N transports estimates. The results revealed that the total N transport was similar in
the stream from the control catchment as in the fertilized catchment, with an average annual
leaching of 2,04 kg N! ha! yr! and 1,15 kg N! ha ! yr'!, respectively. The transport of
inorganic N increased over time in the fertilized catchment, but not in the control catchment.
The seasonal variation of N transport was highest in autumn and winter months, especially in
the years of fertilization. Cross-validation of streamflow estimates indicated that the N
transport may be underestimated by 8%, however this deviation is relatively minor, and equal
for both streams. Thus, the results of this thesis show that the current total N transport in the
studied streams is low and similar across catchments, indicating that the risk of eutrophication
at catchment scale is relatively minor during the first ten years of an intensive demand-driven
forest fertilization program. However, the trend of increasing inorganic N transport over the
study period indicate a gradual buildup of N in the soils in the fertilized catchment and warrant
further studies, focusing on the long-term effects of climate change and biomass harvest of
fertilized stands.
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1.Introduction

In today’s world, it has become very evident that the climate is changing (Hegerl et al., 2019,
Frol’kis and Kokorin, 2019), and it is happening on a global scale (Stern and Kaufmann, 2014).
Growing season has extended in the past few decades while the dormant season like winter is
gradually getting shorter (Jiamin et al., 2021, Menzel and Fabian, 1999, Christidis et al., 2007).
Also, there is a linear rise of annual average temperature for the past few decades (Twardosz et
al., 2021, Jones et al., 1999). Mitigating climate change requires an understanding of, and
control over, the exchange of CO» between forests and the atmosphere (Anderson-Teixeira et
al., 2021). Since forests are a major carbon sink (Harris et al., 2021, Achat et al., 2015) many
solutions have been proposed on how forests could remove even more carbon from the
atmosphere and offset emissions in the result.

A difference can be made by managing forests in a more sustainable and wiser way, for
example, by boosting their sequestration capabilities; wood is an excellent material that binds
carbon when being formed, and as mentioned before, this process removes C from the
atmosphere. Regarding sustainability this is very important aspect to emphasize and keep in
mind when managing forests in the future. Wood can also serve as a substitute for fossil fuels
and can be used as a construction material, replacing steel, concrete, and other materials
(Bellassen and Luyssaert, 2014). One way of allowing forests to generate more wood and
capture more CO; is supplying less fertile forests with N fertilizer (Figure 1), and thereby
increase their productivity since there is a strong correlation between plant tissue N and critical
metabolic processes like photosynthesis and respiration, as well as a control on the amount of
soil organic matter (Zaehle et al., 2010) which points to a tightly linked N and carbon cycle (de
Vries et al., 2014, Zachle et al., 2011).

NH,
Volatilization

Inorganic
N Fertilizer

AMOUNT UNKNOWN Leaching

Figure 1. Schematic overview of the key pools and fluxes of the nitrogen cycle in terrestrial
ecosystems including forest fertilization. The red arrow indicates the potential environmental
implication of forest fertilization target by this study — the unknown amounts of nitrogen lost

by leaching and transported in the stream network causing eutrophication in aquatic
ecosystems (modified from Brondi et al., 2023)
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In traditional forest fertilization, nutrients are supplied predominantly in the mature stand
no later than ten years before final harvest, which leads to a temporary increase in stem-wood
production by 30-50% over a period of 5 -7 years. However, more intense fertilization regimes
can be performed by supplying young forest stands with additional N more frequently and with
higher total N supply, and this can lead even up to an 80-300% stem-wood production increase
(Hedwall et al., 2010, Pettersson and Hogbom, 2004). This can be very beneficial for forest
owners who want to manage their forests for production purposes to generate profit from their
forests while also removing additional CO; from the atmosphere. It is essential to strike a
balance between pure production approach and sustainable nature friendly approach. However,
not always the forest needs as much added nutrients and it may not even be able to utilize all
of the nutrients within a certain amount of time (Ingestad, 1982, Bergh et al., 2005, Bergh et
al., 1999). Demand-driven fertilization is the application of fertilizers based on the specific
nutrient needs of trees (Ingestad and Lund, 1986) in different forest stands or areas. It aims to
optimize the growth and health of trees while minimizing environmental impacts. This is
achieved by assessing the current nutrient needs in selected areas by performing foliage nutrient
analysis and others. Fertilizers are applied only in a particular section of the forest where it is
necessary, essentially where it is lacking, and trees are experiencing low growth rates. In
demand-driven fertilization, the fertilizer is applied frequently but in smaller doses than
conventional fertilization (Rytter et al., 2003), this results in higher amounts used in demand-
driven fertilization throughout a forest stand rotation. Applying fertilizer based on the idea of
nutrient flux allows for the provision of fertilizers that match both the natural flux that arises
from soil mineralization and the vegetation's capacity for consumption (Fig 1). Under these
circumstances, there is a high N consumption rate, and the nutrition-induced feedback on the
mineralization rate indicates that fertility could possibly rise with time (Ingestad, 1982). This
is the reason why demand-driven fertilization is crucial in forest management, especially, in
regard to sustainable management and maintenance of ecological balance within forest
ecosystems.

Nonetheless, there are several more major risks that arise when additional N is supplied to
forest ecosystems. Those risks are loss of biodiversity, denitrification, and leaching (de Vries
et al., 2014, Hedwall et al., 2010, Vitousek et al., 2002). Nitrogen leaching occurs when some
forms of N escape the forest through the soil into the groundwater, eventually reaching surface
waters where it can cause major disturbances within aquatic ecosystems, although it is a natural
part of the N cycle (Figure 1). Nutrient over-enrichment in surrounding ecosystems can cause
eutrophication (oxygen depletion, algal blooms) and acidification of water. Eutrophication is
especially dangerous because it can heavily impact aquatic life, creating dead zones, fish kills
etc. due to low oxygen levels in the water (Bijay and Craswell, 2021, Randall, 2004, Hellsten
et al., 2015). The threshold for N regarding risks for freshwater aquatic life is 13 mg L' for
nitrate and 0.06 mg L' for nitrite. NH3 (ammonia) concentrations at 0.03 mg N L' can be
potentially toxic to organisms in the short term and concentrations < 0.002 mg L™ can be toxic
over the long term (Binkley et al., 1999, Pike and Perrin, 2005). Regarding eutrophication risks
a threshold of 1,5 mg N L' is mentioned in the existing literature (Forsberg and RydingSo,
1980).



This study aims to investigate N leaching into forest water streams in young forest stands
where demand driven fertilization experiments have been carried out in southern Sweden in
Asa high yield experimental forest, and the current hypothesis is that total N transport in forest
water streams increases with increased applied fertilizer amounts. This includes both — organic
and inorganic N since both forms can aid eutrophication processes. In Asa HYEF fertilization
programme is designed to be intensive in order to see the possible effects on the environment
and tree growth. It is essential to assess how much N possibly is leached into forest water
streams to see how it could possibly affect the surrounding environment. To investigate
leaching, which involves the movement of chemical compounds, organic and inorganic
compounds from catchments, it is required to determine the water discharge (stream flow) in
the streams. Stream flow speed can be measured by using a few different methods. This study
explores and evaluates these methods and compares them against each other to see how
streamflow measurement precision and differences in flow estimates between the methods can
alter the result of N transport (leaching) in two selected areas that can be directly compared in
terms of N transport and flow estimate results. It is crucial to compare fertilized areas with non-
fertilized areas in regard to leaching and streamflow estimation methods to make any
conclusions related to the effects of fertilizer application in these forested areas and how
hydrology affects the result.

2.Materials and methods

2.1. Study area

The Asa research station, together with the Asa experimental forest and Asa high-yield
experimental forest (Asa HYEF), is situated in southern Sweden. The combined study sites
include a total of 2,700 hectares of forest land, ranging in elevation from 165 to 285 meters
above sea level. Study area experiences temperate climate and is located in the temperate forest
ecological zone. The mean annual temperature recorded during the climatic reference period
0f 1991-2020 was 6.5 °C, while the average annual precipitation reported during the same time
amounted to 737 mm. The average accumulated temperature over the vegetative period is 1,417
degree-days, and the duration of the growing season, defined by a threshold temperature of
+5°C, is 201 days.

The establishment of the Asa research station and Asa HYEF was prompted by a growing
interest in conducting forestry research in southern Sweden. The first research initiatives
mostly focused on forest regeneration, such as studying the impact of pine weevil damage, frost
damages, and browsing by roe deer. The Asa HYEF was constructed in 2009. The dominant
tree species in the HYEF is Norway spruce, accounting for 72% of the total species distribution.
Scots pine makes up 23% whereas broadleaved trees, on the other hand, represent just 5% of
the total. The objective is to assess the capacity and impact of intensive forestry on a larger
scale within the landscape. The objective is to achieve a 50% increase in biomass output by the



year 2050 via the use of intensive forest management practices, while concurrently monitoring
and assessing the environmental consequences.

Asa HYEF employs various silvicultural practices and management programs to enhance

growth, such as demand-driven fertilization of young spruce stands, utilization of introduced
fast-growing tree species like hybrid larch and lodgepole pine, adoption of genetically improved
seeds and seedlings, and enhanced regeneration techniques. A permanent network of circular
sample sites was set up to measure and track changes in productivity and vegetation.
For this case study two catchment areas were chosen to practically perform the hydrological
measurements and compare a range of methods in the selected streams and therefore calculate
N transport amounts. The nature of this research is to test fertilization at an environmentally
and silviculturally relevant scale, and statistical testing of the hypothesis is not performed.

2.2. Fertilization treatment

A major management strategy to enhance growth and yield in the Asa HYEEF is intensive
fertilization of young Norway spruce. The method is a local adaptation of demand-driven
fertilization program (Bergh et al., 2008), which is tailored to the unique requirements of each
spruce stand in the Asa HYEF. Briefly, fertilization is started when the young spruce forest
reaches an average height of 2-4 meters and is repeated every second year until crown closure,
and thereafter every 7 to 10 years. Fertilization will not be applied in the last seven years before
clear-cutting. The fertilizer blend and application rate are adjusted to meet the current nutrient
requirements. Needles are sampled and analysed before each application of fertilizer. The first
treatment typically consists only of a common forest N fertilizer product Skog-CAN
(ammonium nitrate). Subsequent applications typically use other products that also includes
phosphorus, potassium and other elements to correct for secondary limitations (Harpole et al.,
2011). An examination of needles revealed a deficiency of many nutrients, notably phosphorus,
over the whole region. Fertilizer is applied by a helicopter. In total, 750 kg N ha! had been
added to ~17% of the total catchment area 17 during the study period 2012-2021, which
corresponds with ~75 kg N ha'! yr! fertilization regime. This amount is unique for this
particular catchment.

Organic and inorganic matter transfer is studied in catchment regions with fertilized stands
and in streams without fertilized areas within their catchments to compare fertilization effects
on water quality etc. Two catchment areas were selected for in-depth analysis in this study.
Number 2 and 17 (Figure 2), one of them being frequently fertilized and the other one serving
as a control (Table 1). These two catchments were selected based on spatial proximity and
relative similarity in catchment and forest composition (Table 1). Fertilization was carried out
every second year in the period 2012-2021. Even years starting at 2012 being fertilized and
odd years not.



Asa Experimental Forest

Asa High-yield Exp. Forest

D Catchments

- Weirs

Figure 2. Map of the experimental forests, catchments, and water samplings points (weirs)
at the Asa HYEF. In yellow color control catchment 2 and fertilized catchment 17 are
highlighted (Ola Langvall et al., 2022; unpublished report).

Table 1. Characteristics of the two catchments studied in this thesis. The catchments were
selected out of a total of 12 catchments in the Asa high-yield experimental forest (HYEF)
based on proximity, similarity in soil and forest cover, and completeness of hydrological data

record. Fertilization of young Norway spruce stands started in 2012 and is repeated every

second year including 2021 as the latest year covered in this study.

Catchment 2 (control)

Catchment 17 (fertilized)

Area, ha 22,7 42.6
Standing volume, m® ha'! 236 172
Age 56 42
Site index (H100) 29 23
Fertilized area, % of 0 16,9 (7,2 ha)
catchment area
Fertilizer applied 2012- 0 750
2021, kg N ha!




2.3. Stream nitrogen transport measurements

To estimate the transport of N in the stream network historical records of streamwater N
concentrations (pg/L) with streamflow measurements (L/s) were combined.

To acquire concentrations water sampling was done regularly every month since 2012 in
both catchments: 2 (control) and 17 (fertilized). In total 23 values were analyzed from these
water samples but for this particular study 3 of them were essential:

e ammonium (ug/1)
e nitrite and nitrate (ug/1)
o total N (ug/l).

Ammonium (NHa4), nitrite (NOz), nitrate (NO3) together form the inorganic part of the total
N, which is an essential value to look into when assessing the possible effects of fertilization
since it could lead to increased inorganic N transport within the water streams when compared
to the control area.

Streamflow was estimated using a range of methods. Weirs were constructed at each sample

location to enable continuous monitoring of water flow. Water discharge may be measured by
measuring the water level in the pool above the prescribed overflow. The equation below is
used to measure flow speed. This equation is used for sensor water stage level and manual water
level measuring methods.

1)Q=1%'M'h2'5' /2'9

Q = volumetric flow rate (m3 s-1)

u = flow correction factor (ca 0,6)

h = height of the water above the bottom of the V-notch (m)
g = acceleration due to gravitation (9.81 m s-2)

Water stage level method (stage predicted)

The water level is regularly monitored using submerged pressure sensors. Level TROLL
700 loggers were used from July 2012 to 2021. The loggers recorded water temperature and
pressure every minute and stored an hourly average. Data was transmitted over a gateway to

the internet, allowing for almost real-time monitoring of values. Seven sensors can transmit
data, but the other sensors are unable to connect to the gateway owing to extensive vegetation
and/or topography. Data from these sensors can only be retrieved by collecting the SD cards.
Streamflow can also be manually measured at the weirs by measuring the necessary height
values listed in equation 1. During each sample, the distance from the top of the weir to the
water surface is measured on both sides. It is also observed if water flow is affected by trash,
leaves, ice, etc. Streamflow measurements acquired by this method is used to create rating
curves to calibrate/validate stage predicted estimates.

Streamflow is calculated using equation 1 and the resulting estimates are coupled up with the
measured chemical compound concentration values to get an average transported amount
monthly for the period of 2012-2021. This is being done for catchment 2 and 17 separately
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since catchment 2 is used as a control and has not been fertilized. This way fertilized and non-
fertilized areas can be compared regarding N transport in the water streams.

Bucket and salt injection method (measured)
Stage predicted flow estimates can also be cross validated using either the "bucket method,"

the "salt injection method," or both. The first approach involves filling a bucket with water
from the weir and measuring the time it takes to reach a certain water level. The second
approach involves injecting salt upstream to a measurement point where conductivity is
measured, and it is the only way suitable for high flow conditions. The stream must be
sufficiently strong to uniformly distribute all salt in the water body for an accurate measurement
since the sensors only take readings at one or two spots in the water. Conductivity is converted
to salinity concentration by calibrating the sensors with known salt concentrations. The salinity
levels above the background are accumulated over time as the water flows past the sensors to
determine the flow rate.

Water discharge modelling method
This method uses SMHI S-hype model data that predicts water flow over large areas based

on the terrain and other aspects. Stream flow is modelled for every day, which is then used to
calculate monthly averages for stream flow. Results acquired from these methods can then be
compared to stage predicted and stage corrected estimates.

2.4. Calculations and statistics

Period N transport was calculated as the product of N concentration and cumulative
streamflow. This study is a case study of one pair of catchments, hence regression analysis was
chosen to compare the two catchments in terms of annual fluctuations of total N transport
amounts. Regression analysis was also performed for the inorganic N transport for both
catchments separately to inspect possible transport increase trends over time.

3.Results

Annual nitrogen transport

The total annual N transport in the unfertilized catchment was on average 2,04 kg N ha'! yr-
!'and varied 3-fold across years, from 1.1 to 3 kg N ha! yr'!. In the fertilized catchment, the
annual transport was on average 1,15 kg N ha! yr'!, and had a similar variation as the control
catchment and a min and max ranging from 0.7 to 1,6 kg N ha! yr'! (Figure 3a). Across the
years, control catchment N transport is higher than in the fertilized catchment within the stream
water. The total transported inorganic N amount 2012-2021 in control catchment was 2,48 kg
ha! and 2,74 kg ha! in fertilized catchment. Annual transport of N was strongly positively
correlated (R2 = 0.70) between the catchments and the slope of the linear relationship indicate
that the fertilized catchment consistently exported 50% less N than the control catchment (Fig
3b).
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Inorganic N transport increased by 0.03 kg ha™! year™! in the fertilized but no increase with time
in control. The lowest inorganic N transport values were recorded in 2018 in both streams
(Figure 4).
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Figure 3. a - annual total nitrogen transport (2012-2021) for unfertilized control catchment
(blue) and a fertilized catchment (orange). Transport of inorganic nitrogen is plotted with black
and green lines. b - annual total nitrogen transport (2012-2021) in fertilized catchment as a
function of an unfertilised catchment. The dashed diagonal line denotes equal nitrogen
transport, the solid black line, and the statistics the best fit of a linear regression function.
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Figure 4. Annual inorganic nitrogen transport (2012-2021) in fertilized and control
catchments. The solid black line and the statistics the best fit of a linear regression function.
The corresponding fit for the control catchment was R* = 0,0018 and not shown.
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Seasonal variation in nitrogen transport

Within years, total N transport varied seasonally from peak transport during the winter
months, corresponding with peak streamflow, and minimum transport occurring during
summer. The mean monthly transport of N was higher in the control than the fertilized
catchment. Minimum recorded N transport was 0,0016 kg N ha' month ! while the maximum
was 0,81 kg N ha! month ! (Figure 5). Streamflow in both catchments peaks during the winter
and early spring months and plummets in the summer months. The same trend can be seen in
the monthly N transport amounts within the water streams, highest N transport occurring in
February (Figure 5). The N transport is highest in winter and autumn months. Control stream
shows higher values than fertilized stream. The transport is relatively small in both streams, but
there is a significant dispersion of data visible in some of the months, particularly in the winter and
autumn season. In the months following fertilization there is an increased N transport in both
catchments (Figure 5) and while the total N transport seems to differ between the fertilized and
control catchment, inorganic N transport is largely the same in both areas. During a 24-month
fertilization cycle it shows how fertilization year corresponds to a calendar year (Figure 6).
Fertilization is usually carried out in June, so this is the first month of a fertilization year. One
fertilization cycle lasts 2 years because fertilization is carried out every second year as
mentioned before. It is visible that both — total N transport and inorganic N transport (kg ha™!
month™!) - reach their highest values 8 - 9 months after fertilization in both catchments. In the
second half of the fertilization cycle total N transport reaches similar heights but inorganic N
transport decreases significantly, especially in February when compared to the year of
fertilization.

0.50
0.40
<
=
S 0.30
g o
S~
©
<
o 0.20 [
~
0.10 ii i [ T a i
0.00 ; N _
1 2 3 4 5 6 7 8 9 10 11 12
m Control m Fertilized Inorganic N

Figure 5. Monthly total nitrogen transport averaged across years (2012-2021) for unfertilized
control catchment (blue) and a fertilized catchment (orange). Error bars denote the standard
deviation. Transport of inorganic nitrogen is plotted with green hatched bars.
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fertilized (orange) catchments and transport of inorganic nitrogen I s plotted with green
hatched bars, across the 24 months fertilization cycle. Months since last fertilization event
are laid out alongside corresponding calendar month. Interval between fertilization events is

usually 24 months.

Comparison of streamflow estimates
The linear regression graph in figure 7a shows that measured streamflow very strongly

correlates with the stage predicted flow in both catchments. The manual streamflow
measurements verified that the stage estimated streamflow was consistent across a wide range
of streamflow values (R?>0.97 for linear regression) but the slope was higher than 1, indicating
that streamflow has been underestimated more at higher streamflow. The annual flow estimates
showed that the underestimation is approximately 8% in both streams. SMHI S-hype modelled
annual streamflow estimates (mm yr'!) exceed both the stage predicted and the stage corrected

estimates in both streams (Figure 7b).
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Figure 7. Relationship between streamflow estimated by stage measurements (Equation 1)
and estimated by direct measurements using the bucket and salt-dilution method (a), and the
annual streamflow estimated using different methods (b). Blue and orange datapoints
represent control and fertilized catchment streamflow values, respectively. The dashed
diagonal line denotes equal streamflow values, the solid black lines and the statistics the best
fit of a linear regression function for each catchment. Annual streamflow was estimated using
the stage method, the stage method corrected using the catchment specific coefficients in
panel (a), and the local predicted streamflow from the SMHI S-hype model.

4.Discussion

The goal of this thesis was to explore the potential environmental impact of intensive N
fertilization on streamwater eutrophication. The leading hypothesis was that a high amount of
N addition in a forested catchment will lead to higher organic and inorganic N transport in the
stream outlet. To test the hypothesis, N transport in two similar catchments differing mainly in
fertilizer application was studied by combining a long-term data series on streamwater N
concentration with streamflow estimates.

The measurements did not provide any clear evidence for increased total N transport in the
fertilized catchment. Control catchment total N transport values are higher in all years than the
fertilized catchment values and N transport in both catchments increases slightly over the span
of 10 years (Figure 3). This would suggest that many factors are at play which control the N
cycle in these particular forest catchments at the time. Though, inorganic N increase is higher
in the fertilized catchment, an increase over time is visible in fertilized catchment and not the
control (Figure 4). This is a crucial finding of this study in regard to possible inorganic N
transport changes in the future even if at the moment leached amounts are relatively low. In
total, ~750 kg N ha™! had been added on roughly one fifth of the catchment area (7,2 ha) over
a 10-year period of intense young forest fertilization regime according to the principles of
demand-driven fertilization. The experiment is located in an area with a long history of N
deposition and relatively high baseline N stocks, which would make the area prone to leaching.
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Both streams experience similar trends in transport fluctuations throughout the years, this hints
towards a relationship that is based on similar influencing factors (Figure 4). Those could be
precipitation patterns, evapotranspiration, deposition etc. Control catchment represents the
natural background leaching which is a part of the natural N cycle in forests and is used as a
reference point for the fertilized catchment. Therefore, the results do not entirely support the
hypothesis of this study, but an increase of the inorganic N transport, although minor at the
moment (Figure 4), is something that should be addressed and taken into account..

Nitrogen transport is the periodic product of the N concentration and streamflow and biases
in any of these factors could potentially distort the result. Whereas N concentrations are
measured in a standardized manner across the two catchments, local variations in stream
characteristics can lead to differences in the accuracy of predicting streamflow from stage
measurements (Equation 1). Thus, to account for this latter source of errors we measured
streamflow and created curves to adjust the streamflow estimated from stage measurements
(Figure 7a). Moreover, we also compared our estimates with the S-hype model output (Figure
7b). The result showed highest streamflow estimates for the S-hype model which does not take
into account intricacies of individual catchments, such as catchment stand density which is a
key driver of evapotranspiration. This results in an offset that exceeds both — stage predicted,
and stage corrected estimates. After correcting N transport with the developed rating curves
for each stream, the transport would increase by ~8 % in both streams which in this case does
not offset the N amounts as much as expected prior. This result shows that errors or biases in
estimating streamflow across catchments are unlikely to mask differences in N transport
between catchments.

Another error source is that there is always some deposition (Kanakidou et al., 2016,
Gundersen et al., 2011), volatilization and leaching occurring naturally and/or independently
from fertilization in forest ecosystems (Pihl Karlsson et al., 2024), and chemical compounds
like ammonia, nitrates, nitrites etc. will almost certainly “pollute” streamwater to some extent.
The question is whether fertilization will make a significant contribution to N transport in
streams besides these factors. This is why the relationship between streamflow values and
precipitation is important to understand and address since N transport in streams is very much
dependent on the output of the streams. Total and inorganic N transport for both streams is
highest in winter and early spring months (Figure 5). This can have several explanations.
Firstly, trees do not need N during the dormant period. Secondly there is increased precipitation
during the cold and humid months and higher evapotranspiration in the summer months.
Thirdly, precipitation has increased in southern Sweden over the last 150 years by about 20%,
and this change has appeared only because of an increased winter precipitation while the
summer precipitation has not changed (Bengtsson and Rana, 2014).

Supposedly the current demand-driven fertilization regime has not contributed towards a
steep increase of transported inorganic N in the fertilized stream as of now. Still, it remains
uncertain, where does this added N reside. Based on previous studies in Sweden that inspected
carbon sequestration response to fertilization in boreal forests, it is expected that approximately
half of the N added to the ecosystem can be recovered either from the soil or trees themselves
(Blasko et al., 2022). This suggests that the other half of the added N has escaped the ecosystem
either through denitrification, volatilization or leaching (Fig. 1). Applying the same mass
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balance approach to the fertilized catchment in Asa (Table 1), and assuming that half of the
fertilizer N is retained in plants and soils of the fertilized stand, approximately 6 kg N ha™! yr!
could be expected to be released through denitrification, volatilization or leaching. In this
particular case study at Asa exactly leaching was inspected, and the total transported inorganic
N amounts in stream water tend to increase slightly over a period of 10 years in fertilized
catchment. Although, the transported amounts stand at only a maximum of 0,5 kg ha yr! in
the year 2019 (Figure 4) brings up a question of where this added N ends up, and if it may be
mobilized at a later stage. The same scope of research and analysis has not been replicated at
Asa HYEF as in the study mentioned before (Blasko et al., 2022), and the situation may simply
be different at this specific location. It might as well be that these particular forest stands in
catchment 17 are not N-saturated and the added N is within their biotic demand (Aber et al.,
1998, Aber et al., 1989), and the goal of demand-driven fertilization has been reached when
inspecting these two particular catchments. These forests stands in the fertilized catchment
could also be in a transition process still, and at some point N could become nonlimiting
element for the tree growth at which point nitrate leaching could become evident (Galloway et
al., 2003). Some studies suggest that in areas of low N deposition retention of N within soil
organic matter can reach even up to 95% with additions that go up to 150 kg ha! yr! (van
Breemen et al., 1982) and this 10 year period could be within a delay period of N release that
is being accumulated (Magill et al., 2000). Nitrogen may be flushed out more during the
dormant period of the year when trees do not consume as much water and nutrients, and
evapotranspiration (ET) is not as active as in the vegetation period, for example. In recent
decades the annual ET rates have increased in forests worldwide due to climate change (Wang
etal., 2021). This could lead to a significant difference between N transport amounts in dormant
and active periods and more pronounced seasonal drought events (Zhang et al., 2009). All of
this shows that the situation is affected a lot by many factors and processes and perhaps it would
be wise to perform additional analysis (soil N analysis) in these two researched catchments to
pinpoint N exchange intricacies more precisely.

Total N transport in the streams of both the control catchment and the fertilized was similar,
and relatively low: control — 2,04 kg! ha™ yr'!, fertilized — 1,15 kg ha™! yr! (Figure 3a), and
may not cause concern since the critical threshold of nitrate concentration regarding
eutrophication risks in river and stream water is anywhere from 0,3 — 1,5 mg L! for river and
stream water (Xu et al., 2014, Qi et al., 2022, Dodds and Smith, 2016, Forsberg and RydingSo,
1980). Highest inorganic N transport was recorded at ~ 0,5 kg ha™! yr'!. A concentration of 1,5
mg N L is equivalent to ~4,3 kg N ha! yr! leaching with the current average streamflow
estimates in the study area. This shows that the current total N and inorganic N transport in
both streams is below levels of environmental concern. Control stream maximum inorganic N
concentration was recorded at 0,14 mg L' and in the fertilized stream it was 0,17 mg L. These
concentrations are well within the naturally occurring range for unfertilized forest water
streams (Dodds, 2007, Niirnberg, 1996). The total transport of inorganic N during 2012-2021
was in the control catchment 2,48 kg ha'!, and 2,74 kg ha™! in the fertilized catchment. It should
be noted that the stand structure in the fertilized catchment is different from the control
catchment. For example, the site index and age are both lower in the fertilized area. It could
also be that the forests within the fertilized catchment utilize added nutrients very well for now
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but in the future during thinning and/or clear-cuts an increase of possibly stored N can take
place (Ring, 1995). This can vary in other areas with different site properties etc. Although,
based on the streamflow measuring method comparison and analysis it was concluded that the
streamflow has been underestimated at high streamflow in both catchments by ~8% (Fig. 7a).
This would suggest that N transport is higher by the same amount, than currently estimated in
the study area based solely on the stage predicted streamflow. This is, however, a relatively
minor deviation that affects both catchments similarly.

5.Conclusions

It can be concluded that demand-driven N addition in the period of first 10 years has not
elevated inorganic and organic N transport above critical loads regarding eutrophication risks
in this study of two catchments. Nonetheless, a gradual increase of inorganic N transport is
visible in the fertilized area, and over a period of few decades it could possibly reach critical
loads regarding eutrophication risks. Differences on monthly average N transport mainly
depend on the water cycle, which is partly regulated by precipitation, partly by
evapotranspiration. Longer time periods and extreme weather events may cause leaching of
stored N later. Longer studies that also inspect amounts of N retained within the study area in
the soil are recommended. Assessing whether denitrification and/or volatilization is responsible
for possible imbalances in N budget is crucial. N could still be stored in the soil and may be
released into the water after precipitation extremes, fellings, or thinnings.
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