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Abstract 28 

Clear-cutting is today the primary driver of large scale forest disturbance in boreal regions of 29 

Fennoscandia. Among the major environmental concerns of this practice for surface waters is 30 

the increased mobilization of nutrients, such as inorganic nitrogen (DIN) into streams. But 31 

while DIN loading to first-order streams following forest harvest has been previously 32 

described, the downstream fate and impact of these inputs is not well understood. We 33 

evaluated the downstream fate of DIN and dissolved organic nitrogen (DON) inputs in a 34 

boreal landscape that has been altered by forest harvests over a 10 year period. The small 35 

first-order streams indicated substantial leaching of DIN, primarily as nitrate (NO3
-
) in 36 

response to harvests with NO3
- 
concentrations increasing by ~15 fold. NO3

-
 concentrations at 37 

two sampling stations further downstream in the network were strongly seasonal and 38 

increased significantly in response to harvesting at the mid-sized, but not at the larger stream. 39 

DIN removal efficiency, Er, calculated as the percentage of ‘forestry derived’ DIN that was 40 

retained within the stream network  based on a mass balance model was highest during the 41 

snow melt season followed by the growing season, but declined continuously throughout the 42 

dormant season. In contrast, export of DON from the landscape indicated little removal and 43 

was essentially conservative. Overall, net removal of DIN between 2008 and 2011 accounted 44 

for ~65% of the total DIN mass exported from harvested patches distributed across the 45 

landscape. These results highlight the capacity of N-limited boreal stream networks to buffer 46 

DIN mobilization that arises from multiple clear-cuts within this landscape.  Further, these 47 

findings shed light on the potential impact of anticipated measures to increase forest yields of 48 

boreal forests, such as increased fertilization and shorter forest rotations, which may increase 49 

the pressure on boreal surface waters in the future. 50 

 51 

 52 
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1. Introduction 53 

 Decades of research have shown that disturbance of forest ecosystems can lead to 54 

increased losses of inorganic nitrogen (N) from land (Vitousek et al., 1979; Likens and 55 

Bormann, 1995; Aber et al., 2002; Houlton et al., 2003), with potentially negative 56 

consequences for water quality in streams and rivers (Martin et al., 2000). Perhaps the clearest 57 

demonstrations of how forest disturbance influences terrestrial nutrient mobilization have 58 

used experimental harvests in small catchments to document changes in stream chemistry 59 

relative to undisturbed controls (Likens et al., 1970; Swank and Vose, 1997). While the 60 

magnitude and duration of response to harvest varies among studies (Binkley and Brown, 61 

1993; Kreutzweiser et al., 2008), most have documented increases in stream-water nitrate 62 

(NO3
-
) concentrations. Such responses reflect the loss of plant nutrient demand (Boring et al., 63 

1981), accelerated rates of soil N mineralization and nitrification (Holmes and Zak, 1999), 64 

and increases in hydrologic flux within the catchment (Hornbeck et al., 1997; Andréassian, 65 

2004). By design, the majority of this research has addressed responses to forest disturbance 66 

at small spatial scales (e.g., catchments of first-order streams) and few studies have explored 67 

how localized increases in nutrient concentration are translated downstream within fluvial 68 

networks (Bernhardt et al., 2003). 69 

Whereas several recent studies have addressed the removal of inorganic N within river  70 

networks (Helton et al., 2011; Wollheim et al., 2006; Worrall et al., 2012; Alexander et al., 71 

2009), little has been done to investigate these processes in boreal landscapes subject to 72 

widespread and active forest management. A clearer understanding of how the enrichment of 73 

headwater environments through forestry is expressed at larger spatial scales (Futter et al., 74 

2010) is important if policy makers are to consider the broader biogeochemical implications 75 

of forest management. 76 
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 The degree to which surplus NO3
-
 derived from forest disturbance is delivered to 77 

downstream receiving systems is determined by the balance between hydrologic transport and 78 

biological demand within multiple habitats at the terrestrial-aquatic interface (McClain et al., 79 

2003; Seitzinger et al., 2006). For example, when forest harvesting leaves riparian buffer 80 

zones intact, plant nutrient uptake, immobilization by soil heterotrophs, and denitrification in 81 

streamside habitats can together greatly reduce the delivery of NO3
-
 to streams (Laurén et al., 82 

2005). The efficiency of riparian NO3
-
 removal varies among studies (Ranalli and Macalady, 83 

2010; Weller et al., 2011), and is determined, in large part, by topographic and soil properties 84 

that influence the rates and efficacy of denitrification through effects on hydrologic transport 85 

(Ocampo et al., 2006), soil/sediment redox conditions (Pinay et al., 2000), and depth of 86 

groundwater flow-pathways relative to biogeochemically active soil layers (Vidon and Hill, 87 

2004; Groffman et al., 2002). Riparian N retention efficiency, and the mechanisms 88 

responsible, may also vary in response to changes in plant demand (Sabater et al., 2000), 89 

availability of labile carbon (C) to soil and sediment microbes (Starr and Gillham, 1993) and 90 

hydrologic forcing during floods that overwhelms biotic potential (Hill, 1993). 91 

 Where forest harvests extend to channel margins, or when retention of NO3
-
 in riparian 92 

buffer zones is poor, surplus NO3
-
 derived from disturbance is delivered directly to streams. 93 

Rates of nutrient uptake in streams and hyporheic zones can be rapid (Mulholland et al., 2008) 94 

and uptake of NO3
-
 in headwater environments may reduce watershed exports in response to 95 

forest disturbance (Bernhardt et al., 2003; Riscassi and Scanlon, 2009). NO3
-
 removal in 96 

streams may be linked to immobilization by autotrophic and heterotrophic microbes, as well 97 

as to denitrification in hyporheic sediments (Harvey et al., 2013; Mulholland et al., 2008). The 98 

efficiency of this NO3
- 
removal (i.e., the percentage removed per unit stream length) is 99 

determined by the strength of this biological demand relative to nutrient availability 100 

(Mulholland et al., 2008), and is further constrained by hydrologic factors that govern 101 
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residence times in biological active zones (Wollheim et al., 2006). As a result, removal 102 

efficiency tends to be lowest during periods of high flow and/or NO3
-
 flux (Alexander et al., 103 

2009; Scanlon et al., 2010). Biological activity and associated nutrient demand in streams is 104 

strongly influenced by a variety of habitat factors (e.g., incident light, temperature, and 105 

organic matter availability) that vary seasonally (Roberts and Mulholland, 2007; Valett et al., 106 

2008). These factors are also modified by disturbance in the surrounding landscape (e.g., 107 

through loss of canopy cover), with the result that in-stream retention of excess NO3
-
 may 108 

itself change in response to harvesting (Bernhardt et al., 2003; Sabater et al., 2000).  109 

 In this paper we explore the potential for fluvial networks to remove NO3
-
 derived from 110 

forest harvesting in a boreal landscape in northern Sweden, where N limitation of terrestrial 111 

(Högberg et al., 2006) and aquatic (Jansson et al., 2001) productivity is common. We 112 

compiled 10 years of data on clear-cuts performed in this landscape with 8 years of 113 

temporally coinciding stream chemistry data from a third-order stream network. The network 114 

includes a replicated paired-catchment harvesting experiment in the headwaters, plus several 115 

additional harvests (Figure 1). Enhanced NO3
-
 loading to headwater streams (first-order) as a 116 

result of forest clear-cutting has been reported previously for this site (Löfgren et al., 2009). 117 

Thus, the study design and history of research in this landscape provide a unique opportunity 118 

to explore the downstream implication of forest harvesting. We use a simple modeling 119 

approach to ask: i) whether and how NO3
-
 exported from recent (<10 yr) clear-cuts influences 120 

water chemistry downstream within the same drainage system, and ii) to what degree 121 

downstream patterns in nutrient concentration arise from simple dilution of upstream inputs 122 

versus biological uptake and retention in stream and riparian habitats. 123 

 124 

2. Methods  125 

2.1 Study Site 126 



6 
 

This study was performed in the ‘Balsjö paired-catchment experiment’ located in the boreal 127 

forest of northern Sweden (N 64° 1’37’’ E 18° 55’43’’) (Löfgren et al., 2009). The 128 

experiment consists of four first-order streams of which two were clear-cut harvested (clear-129 

cuts = CC-4 and NO-5; controls = RS-3 and NR-7) in 2006 and two third-order downstream 130 

sites of different size (BA-1, size =22.9 km
2
 and BA-2, size = 8.9 km

2
, Figure 1). Clear-131 

cutting at CC-4 was carried out to the stream bank, whereas a small, ~10 m wide, 132 

discontinuous riparian buffer was left intact on both side of the stream at NO-5. All clear-cuts 133 

in the network were performed as final-fellings for commercial purposes following 134 

environmental considerations according to the Swedish Forestry Act, interpreted and applied 135 

by the forest owner. Thus leaving small (5-10 m) buffer zones along headwater streams is 136 

considered common practice. However, field observations also showed substantial 137 

disturbance of riparian zones by forestry machinery crossing streams and by wind throw 138 

within narrow stream corridors. Together these impacts likely limit the effect of the 139 

environmental considerations for nutrient retention. 140 

The Balsjö catchment is underlain by highly compacted till layers that have generally low 141 

hydraulic conductivities. Runoff generation is thus primarily from shallow saturated soil 142 

water entering streams laterally (Bishop et al., 2004; Schelker et al., 2013a) Thus, and in 143 

contrast to other stream systems, contributions from deep groundwater sources are thought to 144 

be minor at the spatial scale of this third order stream network (Schelker et al., 2014).  145 

 146 

2.2 Stream water chemistry 147 

Concentrations of NO3
-
, ammonium (NH4

+
) and dissolved organic nitrogen (DON), chloride 148 

(Cl), and dissolved silica (Si) were determined from unfiltered stream water samples. As 149 

fractions of particulate organic matter are generally very low in this landscape (<0.6%; see 150 

Laudon et al., 2011) we consider samples to represent dissolved solute concentrations. 151 
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Samples were collected between 2004 and 2012 at one to two week intervals during spring, 152 

summer, and fall, and at four week intervals during winter low flow. Samples were frozen 153 

within 1-2 days after collection and analyzed using colorimetric methods at a SWEDAC 154 

accredited laboratory according to method SS-EN ISO 13395:1996 for NO3
-
 (sulphanil amid 155 

method after cadmium reduction), according to Bran & Luebbe Method G-171-96 Rev. 1 156 

(Phenate method) for NH4
+
, and method SS-EN 12260:2004 for total N (combustion to 157 

nitrous oxide followed by chemiluminescence detection) (Löfgren et al., 2009). Thus, 158 

reported concentrations of NO3
-
 equal the sum of nitrate and nitrite expressed as mass of N 159 

(µg N L
-1

); DIN concentrations were calculated as the sum of NO3
-
and NH4

+
; concentrations 160 

of DON as total N minus DIN. Analysis of Cl and Si are described in previous work (Schelker 161 

et al., 2014). Analysis uncertainty for NO3
-
 were 5% for the concentrations range of 1-100 µg 162 

L
-1

 and 4% for 100-1000 µg L
-1

; uncertainties for NH4
+
 were reported as 14 % for 3–20 µg L

-1
 163 

and 8 % for 20-100 µg L
-1

. Uncertainties for total N were 14% for 50-1000 µg L
-1

 and 8% for 164 

1-5 mg L
-1

.  165 

 166 

2.3 Mixing model 167 

We used a mixing model to represent the landscape mass-balance for NO3
-
 and DON. This 168 

model assumes conservative mixing as well as conservative mass transport of water and 169 

solutes from two landscape end-members (EMs): clear-cuts and control forests (following 170 

Schelker et al. 2014). The chemistry at downstream stations (BA-1 and BA-2) can then be 171 

predicted from the simple mixing of the hydro-chemical signal from the upstream EMs. The 172 

percentage of clear-cut area of each sub-catchment was derived from high-resolution satellite 173 

images supplied by the Swedish Forest Agency combined with local ground-truthing (see 174 

Schelker et al., (2014) for a full description). These data comprise all clear-cuts from the past 175 

10 years (2001-2011, see also Figure 1). Similar to earlier work, we considered harvest prior 176 
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to this period to have a negligible effect, due to their low spatial extent in the watershed 177 

(Schelker et al., 2014), and studies elsewhere in the boreal zone that suggest a ten-year time 178 

window within clear-cutting is likely to affect DIN exports (e.g. Palviainen et al., 2010).  The 179 

remaining area of the catchment was assumed to constitute entirely uncut forest. 180 

The concentration at the downstream locations BA-1 and BA-2 (Cmodelled, in µg L
-1

) for each 181 

time step was modeled using the area specific mass export (Eq. 1): 182 

𝐶𝑚𝑜𝑑𝑒𝑙𝑙𝑒𝑑 = (𝑀ℎ𝑎𝑟𝑣𝑒𝑠𝑡 𝐴ℎ𝑎𝑟𝑣𝑒𝑠𝑡 + 𝑀𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝐴𝑐𝑜𝑛𝑡𝑟𝑜𝑙) 𝑄𝑜𝑢𝑡
−1  

with Qout being the specific discharge (mm) at the downstream site, Mi (µg m
-2

) being solute 183 

mass export for the site i (i=harvest, control).  𝑀𝑖 was calculated as  𝑀𝑖 = 𝑄𝑖 𝐶𝑖, with 𝐶𝑖 (µg 184 

L
-1

) being the solute concentration and 𝑄𝑖 (mm) being the discharge. Ai (-) was the fraction of 185 

the total area that was harvested or acts as a control for the site i, respectively. This mass-186 

balance model simulates the contributions of clear-cuts versus control forests to downstream 187 

sites by considering changes in solute concentrations and water discharge. When measured 188 

and modelled concentration are plotted  against each other for each sampling date, 189 

comparatively higher modeled concentrations (above the 1:1 line) indicate a mass loss of the 190 

solute during transport downstream (and vice versa) assuming conservative mass transport 191 

and mixing. 192 

A 100% harvested catchment did not exist in Balsjö and N leakage into first-order streams 193 

following clear-cutting may vary dependent on local factors, such as the presence of riparian 194 

forest buffers (Laurén et al., 2005), and was also observed to differ between the two harvested 195 

sites in Balsjö (Löfgren et al., 2009). Thus we calculated Charvest (µg L
-1

) in Equation 1 for 196 

each time step as the average concentration of CC-4 and the NO-5 northern catchment, each 197 

scaled to 100% harvest using a scaling equation. Assuming a linear increase of harvesting 198 

effects, this equation extrapolates the difference between observed concentration (𝐶𝑜𝑏𝑠,𝑗, in µg 199 
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L
-1

 with j=CC-4 or NO-5) and the concentration of the control forest EM, 𝐶𝑐𝑜𝑛𝑡𝑟𝑜𝑙 (µg L
-1

), to 200 

100% harvest (Eq. 2). 201 

𝐶ℎ𝑎𝑟𝑣𝑒𝑠𝑡,𝑗 = 𝐶𝑐𝑜𝑛𝑡𝑟𝑜𝑙 + (𝐶𝑜𝑏𝑠,𝑗  −  𝐶𝑐𝑜𝑛𝑡𝑟𝑜𝑙)  𝑑𝑗 

The conversion factor, dj, was defined as dj = 1/ Aj, that is, the reciprocal of the fraction of the 202 

area harvested (Aj) for the site j. Furthermore, 𝐶𝑐𝑜𝑛𝑡𝑟𝑜𝑙, the concentration representing the 203 

control forest EM, was calculated as the average concentration of the two forested reference 204 

sites RS-3 and NR-7, that differ in terms of stand age and peatland coverage (Schelker et al., 205 

2014; Löfgren et al., 2009). 206 

Stream discharge (Q, in mm ) for each EM was determined using approaches described 207 

previously (Schelker et al., 2014). In short, Q was derived from waterlevel timeseries that 208 

were recorded hourly by two Trutrack WTH staff loggers at the sites NR-7, NO-5, CC-4 and 209 

BA-1  from which discharge was calculated using well established rating curves at V-notch 210 

weirs (Schelker et al., 2012). Qharvest was calculated as the difference between QNR-7 and QNO-5, 211 

a nested downstream catchment with 88% harvest that is assumed to represent a 100% 212 

harvest. Qcontrol was set equal to QNR-7.  213 

The definitions of Q have been validated in an earlier application of the mixing model, where 214 

it was shown that daily Q at BA-1 was modeled reasonably well and with minimal bias using 215 

the above assumptions (relationship of modeled vs. measured Q: r
2
=0.77; slope=1.01; y-216 

intercept=0.0001, see Schelker et al., (2014)). To further evaluate the representativeness and 217 

robustness of the mixing model, the two conservative tracers, Cl and Si were also modelled. A 218 

comparison of the modelled vs. measured concentrations (Figure 2 A to D) revealed modeled 219 

concentrations to scatter closely around the 1:1 lines with a slightly better fit for BA-2 than 220 

for BA-1 and no indications of systematic deviations. These results suggest the validity of the 221 

model assumptions for these two conservative tracers. 222 
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2.4 additional calculations 223 

Inorganic nitrogen removal efficiency (Er, in %) was calculated as the difference between 224 

modeled and measured DIN concentrations divided by the modeled concentration. Thus, Er 225 

equals the percentage of DIN that was removed between harvested areas and downstream 226 

sampling stations during transport, and this value approaches zero when DIN behaves 227 

conservatively in the landscape. If differences between measured and modeled [DIN] were 228 

<0, Er was set to zero. 229 

Annual export of DIN and NO3
-
 was calculated for each sampling station and year. Solute 230 

concentrations between the sampling occasions were interpolated linearly. Daily loads were 231 

calculated as the product of concentration and stream discharge and are expressed per unit 232 

catchment area. In addition, to compare against the observed DIN and NO3
-
 export, modeled 233 

estimates of annual export were calculated for BA-1 and BA-2 assuming conservative 234 

transport of N from upstream sources. To further infer seasonal effects on N exports, seasons 235 

were defined as following: dormant season from November to the end of March, snow melt 236 

season from April to the end of May and growing season from June to the end of October of 237 

each year, respectively. 238 

To evaluate whether in-stream processes could be responsible for the modelled removal of N 239 

in the landscape, we calculated net areal uptakes rates (U; µg N m
-2

 min
-1

) for DIN as the 240 

difference between modeled and the measured mass fluxes of DIN divided by the total 241 

upstream stream surface area. Stream surface areas (Table 1) were estimated by linear 242 

interpolation from known transects within the network combined with a manual analysis of 243 

high resolution air photographs. These coarse estimates of U thus represent the net removal of 244 

DIN in streams that would be required to achieve mass conservation (an even mass-balance) 245 

in the landscape mixing model. Thus, these estimates also represent maximum potential rates 246 
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as they assume that all uptake would occur within the stream boundaries and not within 247 

adjacent riparian soils. 248 

Statistical analysis of differences in measured concentrations before and after clear-cutting in 249 

the same stream, as well as between sampling sites were performed as two sample student t-250 

tests, accounting for unequal variance. If data were not normally distributed, a Mann-Whitney 251 

Rank Sum test was used instead for pairwise comparisons. 252 

3. Results 253 

3.1 DIN and DON responses to harvest 254 

Forest harvesting increased DIN mobilization
 
into first-order streams. Average concentrations 255 

of NO3
-
 (±SD) at the CC-4 catchment increased significantly (p<0.001) by more than 15-fold 256 

from 15.6 (±10.9; n=62) µg N L
-1

 before harvest to 261.0 (±170.4; n=151) µg N L
-1

 after the 257 

treatment (Figure 3B). In the NO-5 catchment, the response to harvests was less pronounced 258 

but also significant (11.4 (±8.6; n=62) µg N L
-1

 before harvest and 25.9 (±35.3; n=151) µg N 259 

L
-1

 after, p<0.001). Average concentrations at the NR-7 control stream were 27.6 (±20.5; 260 

n=60) µg N L
-1

 in the early period of 2004 to 2006, and did not change significantly in the 261 

later period from 2007-2012 (23.1 (±22.2; n=151) µg N L
-1

). At the RS-3 control stream NO3
-
 262 

concentrations were also low, 12.3 (±9.2; n=49) µg N L
-1

 in the early period, but decreased 263 

significantly to 5.8 (±7.5; n=151) µg N L
-1 

during 2007-2012. Similarly, concentrations of 264 

NH4
+
 and DON increased in the CC-4 catchment following harvesting (Figure 3, C and D) 265 

from 14.7(±6.4; n=30) µg N L
-1

 to 61.8 (±79.9; n=151) µg N L
-1

 and from 324(±108; n=30) 266 

µg N L
-1

 to 484 (±239; n=151) µg N L
-1

 for NH4
+
 and DON, respectively. At the reference 267 

sites, NH4
+
 and DON remained at similar levels or decreased in the period after harvesting 268 

(Figure 3, C and D). In addition to concentration changes, stream runoff was substantially 269 

increased after harvest, which enhanced the relative contribution of clear-cuts versus control 270 
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forests for downstream mass fluxes. Annual specific runoff of the CC-4 catchment after the 271 

harvest (2007-2012) was 518 (±128) mm whereas the northern control site (NR-7) had a 272 

lower average specific discharge of 355 (±88) mm. 273 

At the BA-1 downstream site, NO3
-
 concentrations showed no statistically significant 274 

difference between the periods of 2004-2006 (17.2 ±14.3 µg N L
-1

; n=37) and 2007-2012 275 

(17.2 ±18.9 µg N L
-1

; n=151), even though the upstream area that was clear-cut increased 276 

from 2.5% in 2004 to 11.2% in 2011 (Figure 2). At the BA-2 site, where harvests ranged from 277 

4.6% of the catchment area in 2004 to 17.5% in 2011, average NO3
-
 concentrations increased 278 

modestly (t-test, p=0.026) from 15.9 (±9.8; n=30) µg N L
-1

 during 2004-2006 to 21.3 (±19.1; 279 

n=151) µg N L
-1

 during 2007-2012. Similarly, NH4
+
 and DON concentrations at the 280 

downstream sites BA-1 and BA-2 increased slightly from 2006 to 2012 (Figure 3, C and D). 281 

Also, the contributions of NH4
+
 to the total inorganic N pool varied at both downstream sites 282 

between seasons. On average NH4
+
 accounted for 23% and 18% during the dormant season, 283 

for 45% and 39% during snowmelt and 54% and 46% of the inorganic N pool during the 284 

growing season for BA-1 and BA-2, respectively. Furthermore, NO3
-
 concentrations at these 285 

downstream sites, as well as at CC-4 increased continuously throughout the winter period, 286 

with the highest values observed just prior to snowmelt. Annual DIN export was generally 287 

dominated by NO3
-
 (Table 2) and was highest from the CC-4 catchment (1.28 - 1.83 kg N ha

-1
 288 

y
-1

), followed by NO-5 (0.10 - 0.17 kg N ha
-1

 y
-1

), NR-7 (0.06 - 0.10 kg N ha
-1

 y
-1

), and RS-3 289 

(0.03 – 0.07 kg N ha
-1

 y
-1

). 290 

3.2 Mixing Model results 291 

When modeled concentrations of DON and DIN at BA-1 and BA-2 were compared to the 292 

measured concentrations, distinct patterns emerged. First, modeled and measured DON 293 

concentrations correlated well (relationships: r
2
=0.92, p<0.001 for BA-2 and r

2
=0.72, 294 
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p<0.001 for BA-1; see also Figure 4). In contrast, relationships between modeled and 295 

measured DIN concentrations were significant, but explained little of the variability (r
2
=0.23 296 

for BA-1; r
2
=0.31 for BA-2) with modelled DIN concentrations usually overestimating the 297 

measured values (Figure 4). Similarly, annual modelled DIN exports at the downstream sites 298 

were substantially higher than the measured export rates (Table 2). 299 

Modelled DIN removal efficiency calculated as the fraction of DIN that was retained in the 300 

system showed a strong seasonal signal (Figure 5A). Er values above 75% were observed just 301 

after peak snow melt, with the exception of the snow melt of 2012. Er then remained high 302 

(>75 %) during the summer of 2008, and stayed at intermediate-to-high levels (>50%) during 303 

the following summer seasons (Figure 5A). Towards the end of the growing season, Er 304 

decreased during all years and was followed by another distinct decline, often with values 305 

<40% throughout the winter (Figure 5A). Furthermore, no significant relationships between 306 

discharge and Er were observed (Figure 5B and 5C). DIN removal in the network based on 307 

this modelling exercise yielded estimates of net retention (U) for BA-2 that were significantly 308 

higher during snow melt (9.8 µg N m
-2

 min
-1

) than the growing (5.4 µg N m
-2

 min
-1

) and 309 

dormant (5.3 µg N m
-2

 min
-1

) seasons, respectively (Figure 6).  Estimates of U for BA-1 were 310 

lower, with 2.3, 1.1 and 0.8, µg N m
-2

 min
-1 

for the snowmelt, growing and dormant season, 311 

respectively.  312 

4. Discussion 313 

Increases in DIN export in response to forest harvesting are well documented (Jerabkova et 314 

al., 2011) and illustrate how terrestrial ecosystem disturbance can control N mobilization and 315 

delivery to small streams. In this study, increases in streamwater NO3
-
 concentrations by up to 316 

~15 fold, together with elevated runoff (Schelker et al., 2013b), resulted in substantial 317 

increases in DIN
 
inputs to the fluvial network (Table 2). However, despite obvious effects of 318 
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forest harvesting on DIN concentrations in first-order streams, only very subtle responses 319 

could be detected for the third-order streams within this same network, suggesting that 320 

significant DIN retention occurred between the harvested areas in the landscape and 321 

downstream monitoring sites. 322 

4.1 Network patterns in DIN concentration 323 

At both downstream sites, and the CC-4 clear-cut catchment, concentrations of NO3
-
 were 324 

higher during the dormant than growing season (Figure 3B). Similar seasonal patterns were 325 

observed for NH4
+
 concentrations (Figure 3C). Overall, such seasonal variation in stream 326 

DIN, and specifically stream NO3
- 
concentration, is common across Sweden (Sponseller et al., 327 

2014; Löfgren et al., 2014) and is thought to reflect seasonal changes in terrestrial N demand 328 

(e.g. Mitchell et al., 1996). In contrast, NO3
-
 concentrations at RS-3 did not show such a 329 

seasonal pattern, suggesting particularly low inorganic N availability and strong N-limitation 330 

persisting throughout the year (Stoddard, 1994). This hypothesis is further supported by the 331 

fact that average NO3
-
 concentrations at this site decreased significantly by 6.5 µg N L

-1 
332 

between the period from  2004 to 2006 as compared to 2007 to-2012, indicating that local 333 

factors, such as the presence of actively growing forest stands with dense riparian vegetation, 334 

resulted in particularly high terrestrial N demand and thus low stream concentrations at this 335 

site. 336 

Temporal variation in NO3
- 
concentrations at the CC-4 clear-cut stream during the dormant 337 

season (Figure 2) was closely correlated with temporal changes in NO3
-
 concentration at 338 

downstream sites (Supplementary Figure S1), indicating  temporal coherence in concentration 339 

change (sensu Kling et al., 2000) across the stream network during this period. In contrast, 340 

temporal changes in upstream and downstream NO3
-
 concentrations were not correlated 341 

during the growing season (Supplementary Figure S1).  Overall, these observations suggest (i) 342 

a common seasonal control where NO3
-
 retention in most catchments declines throughout the 343 
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dormant season, (ii) that enhanced upstream inputs of NO3
-
 in headwaters are translated 344 

downstream during the dormant season, and iii) that temporal nutrient dynamics at upstream 345 

and downstream reaches become uncoupled during the spring and the summer growing 346 

season. 347 

4.2 Comparison of modeled and measured streamwater N 348 

We found a close correspondence between modelled and measured DON concentrations, 349 

similar to relationships previously observed for dissolved organic carbon (Schelker et al., 350 

2014), as well as the two conservative tracers, dissolved silica and chloride (Figure 2). This 351 

close relationship between observed and predicted concentrations is indicative of an 352 

approximately conservative downstream transport of DON in the network. These patterns 353 

provide additional support for the applicability of our mixing model in this landscape, and 354 

they are consistent with the idea that bulk DON is composed primarily of organic compounds 355 

of low bioavailability that are exported from landscapes without strong biotic controls (Hedin 356 

et al., 1995). For this reason, DON also often represents the major loss vector for N in 357 

catchments that are not subject to large anthropogenic inputs of DIN (Perakis, 2002; 358 

Kortelainen et al., 1997). Importantly, DON exports at CC-4 also increased following 359 

harvesting (Figure 3D), a response which has been reported elsewhere in Scandinavia 360 

(Smolander et al., 2001). While this response was more subtle than that observed for DIN, the 361 

conservative behavior of DON in the stream network suggests that it likely represents an 362 

important and largely unappreciated source of terrestrially derived N to downstream receiving 363 

systems (Rosén et al., 1996). 364 

In contrast to DON, we observed generally poor relationships between measured and 365 

modelled DIN concentrations at BA-1 and BA-2 (Figure 4, data for BA-2 not shown). This 366 

mismatch most likely results from seasonal NO3
-
 removal, a pattern illustrated by the 367 

temporal variation of Er for both sites (Figure 5). Low dormant season values of Er suggest an 368 
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ostensibly weak NO3
-
 demand in cold, snow-covered streams and thus low strength of the 369 

biological sink within the fluvial network. During this period a large fraction of NO3
-
 entering 370 

the stream network was also exported downstream, which is exemplified by the upstream-371 

downstream synchrony in nutrient concentrations observed during this period (S1) and the 372 

few wintertime occasions where Er was near-zero. These occasions suggest that either (i) all 373 

NO3
-
 was transported downstream (e.g. that NO3

- 
transport was conservative) or (ii) that the 374 

downstream reaches of the stream network acted as source areas of NO3
-
. The latter has been 375 

previously hypothesized to cause discrepancies of reach scale N mass-balances (von Schiller 376 

et al., 2011). 377 

Interestingly, Er did not show a direct dependence on stream discharge at any of the 378 

downstream sites (Figure 5), suggesting that N-demand rather than flow  and/or transient 379 

storage (Ensign and Doyle, 2006) were controlling DIN
 
removal in the fluvial network. In 380 

addition, high removal efficiencies during spring and summer had substantial effects on 381 

overall annual net DIN uptake as estimated by the difference of modeled and measured annual 382 

DIN exports. These estimates (±SD) showed that 67(±3)% and 65(±8)% of the DIN
 
inputs to 383 

the BA-1 and BA-2 catchments were removed before reaching these monitoring stations 384 

(Table 2). These estimates are of course sensitive to how the clear-cut EM was represented in 385 

the mixing model. For example, if we assume that all clear cut areas would follow the less 386 

pronounced concentration response of NO-5 then the average annual DIN removal would sum 387 

to 22% for BA-1 and only 9% for BA-2, with the latter even acting as a source of DIN (+2%) 388 

during one year (2009). However, we consider this extreme scenario unrealistic for at least 389 

two reasons. First, several harvests in the drainage area of the stream network, but outside the 390 

experimental harvest of NO-5 and CC-4, showed substantial disturbance of riparian soils, for 391 

example from multiple stream crossings of forestry machines and from wind throw of trees in 392 

the riparian zone. These disturbances will likely result in a concentration response closer to 393 
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that of CC-4, than that of NO-5. Second, the CC-4 clear cut is located within the BA-2 394 

drainage area and represents an important fraction of the harvested area within this catchment 395 

(Tabe1). Thus the CC-4 harvest would itself not be correctly represented in this modeling 396 

scenario. Indeed, this omission gives rise to the hypothetical gain of DIN within BA-2 in 397 

2009, which suggests a missing source of DIN in the catchment under this scenario.  398 

Regardless, further research characterizing the spatial and temporal variation in DIN runoff 399 

responses following harvests would lend more confidence to estimates of N removal based on 400 

this mass balance approach.   401 

Our estimates of net DIN removal within this stream network suggest that, during most 402 

periods, reasonable levels of in-stream activity (i.e., net uptake) could account for the 403 

discrepancy between measured and modeled fluxes at downstream stations. Assuming that all 404 

DIN retention was occurring within the stream channels, median values and interquartile 405 

ranges (25
th

 to 75
th

 percentile) of U for the BA-2 catchment were 5.4 (2.2; 10.4) µg N m
-2

 406 

min
-1

 for the entire year. Even lower rates of instream uptake would be sufficient to account 407 

for the differences between modeled and observed DIN at BA-1.  While these values fall well 408 

within the range of net uptake estimates made elsewhere for small streams (Bernhardt et al., 409 

2003; Roberts and Mulholland, 2007; von Schiller et al., 2011), further efforts to directly 410 

quantify rates of DIN removal in boreal streams are warranted. 411 

As with Er, estimates of U were significantly higher during snow melt as compared to the 412 

growing season and, interestingly, there was no significant difference in median values 413 

between growing and dormant seasons (Figure 6). While other recent studies indicate the 414 

potential for high rates of nutrient uptake during the snowmelt period (Hall et al., 2009), these 415 

seasonal comparisons should be made with some caution as our estimates of net areal uptake 416 

do not account for losses that occur to the outside of the stream, as for example in riparian 417 

habitats, embedded wetlands, lakes  and/or into deep groundwater aquifers. In particular, 418 
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embedded wetlands and small lakes upstream of BA-1 and BA-2 (Table 1) are common 419 

features of boreal landscapes and may play a particularly important role in N removal at the 420 

scale of stream networks. Overall, these seasonal removal estimates are surprising, and more 421 

work is required to understand the hydrological and biogeochemical mechanisms 422 

underpinning these patterns. 423 

Important mechanisms that control DIN removal from stream water during the growing 424 

season are biological uptake by riparian vegetation (Sabater et al., 2000) and immobilization 425 

by in-stream autotrophs and heterotrophs. These in-stream sinks may also change in response 426 

to forest harvesting, for example, if elevated light conditions foster increased 427 

photoautotrophic production (Bernhardt and Likens, 2004). Indication that such increased in-428 

stream DIN
 
demand during the growing season may also be present in the Balsjö stream 429 

network is given by ~30 fold greater summertime accumulation of algal biomass (chlorophyll 430 

a) onto ceramic tiles in the CC-4 stream as compared to RS-3 (R. Sponseller, unpublished 431 

data). Similarly, a recent survey of boreal streams (including CC-4 and RS-3) showed that 432 

heterotrophic biofilm respiration can be strongly N-limited and reported the highest rates of 433 

biofilm respiration at the clear cut stream of CC-4 (Burrows et al., 2015). However, 434 

immobilization by autotrophs and heterotrophs does not necessarily result in permanent 435 

removal of N from the stream, as a large portion of this nutrient pool may be rapidly recycled 436 

as biofilm materials decay (Tank et al., 2000). Nevertheless, these observations highlight the 437 

importance of N as limiting factor in northern, boreal streams and support the idea that these 438 

systems may respond  strongly to elevated N loading following harvests. 439 

An additional process that may account for the permanent removal of NO3
-
 observed in this 440 

study and thus for the seasonal differences in U is denitrification (Mulholland et al., 2008). 441 

Environments that have been observed to favor the direct conversion of NO3
-
 to gaseous N by 442 

denitrification are i) stream biofilms (Teissier et al., 2007), ii) stream hyporheic zones 443 
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(Harvey et al., 2013) and iii) riparian sediments (Starr and Gillham, 1993). Furthermore, 444 

experimental studies have demonstrated that denitrification is often found to be co-dependent 445 

on terrestrial NO3
-
 inputs and bioavailable dissolved organic matter (DOM) as an electron 446 

donor (Baker et al., 1999). More specifically, hot moments of denitrification, that is, periods 447 

of disproportionally high and short-lived NO3
-
 demand, can be generated by experimental 448 

additions of labile DOM (Zarnetske et al., 2011). Such enhanced demand in response to labile 449 

DOM inputs has further been shown to regulate uptake rates in streams (Bernhardt and 450 

Likens, 2002) and hyporheic sediments (Sobczak et al., 2003).  451 

Transferring this well-established process knowledge from the reach-scale to the network 452 

scale suggests that NO3
- 
removal at the landscape scale may be dependent on a sufficient 453 

supply of labile DOM to all stream reaches within the network that are located downstream of 454 

harvests. Bulk DOM contributions in Balsjö have been observed to increase as a response to 455 

harvesting (Schelker et al., 2012) and other studies in boreal headwater streams have shown 456 

that terrestrially-derived, low molecular weight DOM (e.g., free amino acids, carboxylic acids 457 

and carbohydrates), can achieve high concentrations during the spring snow melt (Berggren et 458 

al., 2009). These terrestrial inputs have further been suggested to support the microbial C 459 

demand of downstream aquatic ecosystems during a timeframe of days to weeks following the 460 

spring freshet (Berggren et al., 2009) – a period when Er was also highest in our study. Thus 461 

we hypothesize that limitation of heterotrophic processes, such as denitrification and 462 

immobilization, occurs via restricted supply of bioavailable DOM from terrestrial sources 463 

during the dormant season as a plausible mechanism that inhibits DIN removal at the network 464 

scale. In turn, the restricted supply of DIN relative to bioavailable C during the other times of 465 

the year would then limit heterotrophic activities and foster efficient N removal in the 466 

network – a coupling that has been suggested previously for boreal streams (Berggren et al., 467 

2007).  468 
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In summary our work agrees with earlier studies in that terrestrial ecosystem disturbance 469 

enhances DIN mobilization into first-order streams (Likens et al., 1970) and that such 470 

increased NO3
-
 concentrations can potentially be transferred downstream during some 471 

portions of the years (Alexander et al., 2007). The hypothesis that stream and riparian 472 

processing of NO3
-
 may dampen the effect at downstream sites (Bernhardt et al., 2003) was 473 

supported during the snow melt, as well as during the growing season when rates of biological 474 

activity and supply of bioavailable C are likely to be high. During the dormant season, 475 

however, results suggest that limited DIN uptake rates constrain the potential for DIN 476 

removal within the fluvial network. Considering the measures to increase forest production of 477 

either increased fertilization or shorter forest rotations (Egnell et al., 2011), we argue that both 478 

are likely to increase downstream export of DIN, provided that instream removal rates remain 479 

the same as under current conditions. More specifically, shorter forest rotations would 480 

increase the frequency of disturbance due to harvesting and thus the periods where elevated 481 

leaching may occur. Similarly, increased fertilization may enhance the risk of DIN leakage 482 

into surface waters particularly during the dormant season (Binkley et al., 1999) when the 483 

biological demand for DIN is low within boreal stream networks. 484 
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7. Tables 726 

 727 

Table 1: Catchment 

characteristics of 

the six nested 

Balsjö 

catchments.Site 

Name 

Short 

Name 

Catchment 

Area 

Proportion 

Clear-

Cut*, 2004; 

2011 

Wetland 

Area 

Total 

Stream 

Length 

Lake 

Area* 

Stream 

Surface 

Area 

Total 

Water  

Area 

Unit   [ha] [%] [ha] [m] [m
2
] [m

2
] [m

2
] 

Balån River 1 Outlet BA-1 2291 2% 11% 337 37521 87829 185738 273567 

Balån River 2 BA-2 868 5% 18% 88 15754 6590 19249 25839 

Southern Reference RS-3 156 0% 3% 4 2195 0 2195 2195 

Southern Clear Cut CC-4 41 0% 56% 3 1650 0 660 660 

Northern Catchment NO-5 40 0% 33% 5 1386 0 554 554 

Northern Reference NR-7 24 0% 16% 4 835 0 334 334 

* estimated from satellite data 

         728 

 729 

 730 

Table 2: Measured and modelled annual DIN loads per unit catchment area from all six Balsjö 731 

catchments during 2008-2011. The percentage of NO3
-
 of the total load is given in brackets. 732 

Measured             
 

Modelled*   

Site BA-1 BA-2 RS-3 CC-4 NO-5 NR-7 
 

BA-1 BA-2 

Unit / 
Year 

mg N m-2 
yr-1 

mg N m-2 

yr-1 

mg N m-2 

yr-1 

mg N m-2 

yr-1 

mg N m-2 

yr-1 

mg N m-2 

yr-1 

 mg N m-2 

yr-1 

mg N m-2 

yr-1 

2008 6.1 (60%) 6.4 (66%) 3.1 (39%) 
134.8 
(79%) 

10.2 
(42%) 6.1 (58%) 

 
20.6 (74%) 

27.1 
(76%) 

2009 8.0 (56%) 
13.1 

(72%) 7.0 (54%) 
182.9 
(74%) 

17.2 
(54%) 9.3 (57%) 

 
24.5 (67%) 

31.0 
(68%) 

2010 6.5 (68%) 8.9 (70%) 3.5 (46%) 
149.1 
(81%) 

12.2 
(68%) 7.9 (67%) 

 
18.9 (75%) 

24.4 
(77%) 

2011 8.2 (63%) 
11.2 

(63%) 3.9 (37%) 
128.3 
(76%) 

14.7 
(69%) 9.6 (63%)   22.1 (71%) 

30.6 
(73%) 

*assuming conservative mixing and solute transport.  
      733 

8. Figure Captions 734 

 735 

Figure 1: The ‘Balsjö Paired Catchment Experiment’ including the catchments RS-3, CC-4, 736 

NO-5 and NR-7, as well as the two downstream sites BA-2 and BA-1 that integrate the larger 737 
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22.9 km
2
 Balsjö Stream Network. Areas harvested during 2001-2011 are shown as orange. 738 

Solid blue lines represent the stream network; solid blue areas show ponds with open water. 739 

Solid black lines indicate the catchment boundaries, black pyramids the location of water 740 

sampling. 741 

 742 

Figure 2: Comparison of modelled and measured Cl and Si concentrations for BA-1 (panel A 743 

and C), and BA-2 (B and D). 744 

 745 

Figure 3, First Panel: Trimonthly nitrate (NO3
-
) concentrations and standard deviations 746 

(whiskers) of two first-order streams, the clear-cut catchment (CC-4) and the reference south 747 

(RS-3), as well as for two third-order downstream sites BA-2 (size = 8.7 km
2
) and BA-1 (size 748 

= 22.9 km
2
). Second panel: discharge at the BA-1 outlet. Third panel: satellite derived 749 

percentage of catchment area that has been clear-cut harvested since 2001 within BA-2 and 750 

BA-1. 751 

Figure 4: Results of the mass-balance modeling approach for DON (left) and DIN (right) for 752 

the downstream site BA-1.  753 

Figure 5, Panel (A): Stream discharge (Q) and sample drawing at the BA-1 site. Panel (B): 754 

Seasonal variation in NO3
-
 removal efficiency (Er), for the two downstream sites BA-1 and 755 

BA-2; lines represent moving averages with n=5. Panel (C): Er vs. Q for the BA-1 (left) and 756 

the BA-2 (right) catchment outlets. 757 

Figure 6: Boxplot of the seasonal differences in net NO3
-
 uptake rates (U) per unit stream area 758 

during 2008-2011 in the BA-2 catchment. Solid lines represent median values, boxes the 25
th

 759 

to 75
th

 percentile range, whiskers the 90
th

 to 10
th

 percentiles and dots the 95
th

 and the 5
th

 760 

percentiles. Pairs of letters indicate highly significant differences between seasons (p<0.001; 761 
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Mann-Whitney Rank Sum Test). Values for BA-1 site are generally lower, but show similar 762 

seasonal differences. 763 
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