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Abstract 
The relative supply of carbon (C), nitrogen (N), and phosphorus (P) to freshwater 
ecosystems is of fundamental importance to aquatic productivity, nutrient cycling, 
and food web dynamics, which can ultimately influence ecosystem services, 
recreational values and the provision of drinking water. Using over ten years of water 
quality data and field experiments, this thesis focuses in understanding the 
simultaneous supply of C, N and P from boreal catchments to freshwater ecosystems, 
how this natural supply is disrupted by forest management activities and evaluating 
a way to mitigate disturbances. Our findings show that catchment characteristics 
directly influenced the opposing mobilization response of inorganic N and P and 
organic C and N to increases in flow. Conversely, regardless of catchment 
characteristics, we found a widespread decline for inorganic P and N in streams over 
time, co-occurring with an increase in DOC concentration and revealing changes in 
the ratio of energy to nutrient supply. Alongside, catchments with forest operations, 
specifically clear cut, showed an increase in the exports of organic C and N and 
inorganic N and P, yet if followed by ditch cleaning, organic and inorganic nutrient 
concentration decreased. Finally, we found that the disturbance in C and N 
concentration could be mitigated using a biochar filter, if the nutrient concentration 
is high enough. Given the critical interplay between the supply of resources from 
catchments and their demand in aquatic ecosystems, understanding the spatial-
temporal variability of C, N, and P concentrations and their ratios is key to predicting 
how northern rivers and downstream lakes may respond to ongoing and future 
environmental changes. 
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Sammanfattning 
Kol (C), kväve (N) och fosfor (P) i rinnande vatten har grundläggande betydelse 
för produktivitet och födovävsdynamik, vilket i slutändan kan påverka en mängd 
rad olika ekosystemtjänster, rekreationsvärden och vattenkvalité. Med hjälp av 
över tio års vattenkemiskdata och fältexperiment fokuserar denna avhandling på 
att förstå tillförseln av C, N och P från avrinningsområden till rinnande vatten, hur 
den naturliga dynamiken påverkas av olika skogsskötselåtgärder samt utvärdera 
sätt att mildra påverkan. Mina resultat visar att avrinningsegenskaper och 
flödesförändringar direkt påverkade dynamiken av oorganiskt N och P och 
organiskt C och N i vattendrag. Omvänt, oavsett avrinningsegenskaper, fann vi en 
utbredd minskning av oorganiskt P och N i vattendrag över tid, vilket inträffade 
samtidigt med en ökning av DOC-koncentrationen och avslöjade viktiga 
förändringar i förhållandet mellan energi och näringstillförsel. Utöver detta visade 
mitt arbete att avrinningsområden med olika skogsskötselmetoder, speciellt 
kalhyggesbruk, en markant ökning av exporten av organiskt C och N samt 
oorganiskt N och P, men också att om de åtföljdes av dikesrensning så kan 
koncentrationen av organiska och oorganiska näringsämnen minska. Slutligen fann 
vi att påverkan på C- och N-koncentrationen kunde mildras med ett biokolfilter, 
om koncentrationerna från början var tillräckligt höga. Med tanke på det kritiska 
samspelet mellan tillgången på resurser från avrinningsområden och deras 
efterfrågan i akvatiska ekosystem, är förståelsen av den rumsliga-temporala 
variationen av C-, N- och P-koncentrationer och deras förhållanden en nyckel till 
att bättre kunna förutsäga hur nordliga vattendrag och nedströms sjöar kan reagera 
på pågående och framtida miljöförändringar. 

Keywords: kol, kväve, fosfor, boreala avrinningsområden, vattenkvalitet.  
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Figure 1. Location of the study sites within Sweden (left). The (a) Krycklan Catchment 
Study (KCS) shown with sub catchments including the Trollberget Experimental Area 
(TEA) and a close up of the (b) KCS reference and (c) TEA treated sub catchments. 
Red circles are the locations of water quality monitoring weirs in the KCS and TEA. 
Blue and mustard shaded areas delineate the different forest management treatment 
catchments (DC1-DC4); green areas are the reference catchments in the KCS (C1 
and C2). C1-C16 are the permanent KCS monitored sub catchments. The bold grey 
and yellow lines denote the cleaned and left alone ditches, respectively; blue lines 
are natural or naturalized perennial streams. ......................................................... 32 

Figure 2. Forest management operations in TEA. Boreal forest before disturbance (a) 
with naturally infilled ditch (b), forest harvest by clear cutting during summer 2020 (c 
and d), and ditch network maintenance by ditch cleaning during autumn 2021 (e and 
f). Photos: a) Alejandro Gándara, b) Eliza Hasselquist. .......................................... 33 

Figure 3. Slope of the linear regression relationship (β) of concentration and ratio 
versus the coefficient of variation (CV) of concentration divided by the CV of 
discharge. (a) Slope of the linear log(concentration)-log(discharge) relationships (β) 
of PO4, NH4, NO3, dissolved organic nitrogen (DON), and dissolved organic carbon 
(DOC) and (b) slope of the linear log(ratio)-log(discharge) relationships (β) of 
DON:DON, DOC:DIN, DOC:PO4, and DIN:PO4. Points are coloured by (a) solute or 
(b) ratio and show c-Q relationships for each site and year. Hollow points represent 
non-significant c-Q or ratio-Q relationships (p > 0.05). The larger points represent the 
median for each group. Error bars represent the interquartile range. ..................... 43 

Figure 4. Relationship between principal component analysis (PCA) scores of 
catchment characteristics and c-Q relationships (β); streams with significant β (p < 

List of figures 
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0.05) are shown in black circles, non-significant (p > 0.05) in light gray, (overall inter-
annual ±1 SE β for a given stream). Linear regression of PCA2 versus (a) dissolved 
organic carbon β, (b) dissolved organic nitrogen β, (c) PO4 β,(d) NH4 β, and (f) NO3 
β and (e) PCA of catchment characteristics for Krycklan Catchment Study. In panel 
(b–e), red dotted line is the significant linear regression with ±1 SE (in light red). The 
numbers shown are the ID for each stream (Figure 1). .......................................... 46 

Figure 5. Time series of organic and inorganic nutrient concentration and ratios for 
the period 2008–2020 shown with locally weighted scatterplot smoothing (loess). (a) 
Dissolved inorganic nitrogen (DIN), (b) dissolved inorganic phosphorus (PO4), (c) 
dissolved organic nitrogen (DON)), (d) dissolved organic carbon (DOC) (all streams 
have data from 2003 to 2020), molar ratio of DOC and DIN (DOC:DIN), and molar 
ratio of DOC and PO4 (DOC:PO4) for 13 streams of the KCS (C14 and C15 have data 
from 2012 to 2020). Statistically significant trends (seasonal Mann–Kendall test) per 
stream are shown in solid lines, streams with no significant trend are shown with gray 
dashed lines, and the mean trend for all rivers combined is shown in black line with ± 
1 SE in shaded red. ................................................................................................ 49 

Figure 6. Seasonal Kendall test for inorganic nutrients in stream waters. (a) DIN 
Seasonal Kendall test and (b) PO4 Seasonal Kendal test. Pooled Theil Sen slope is 
shown with filled circles and site-specific Theil Sen slope is shown with hollow circles. 
Streams with non-significant monthly declines (p > 0.05) are shown in light gray. Note 
that the scales in y-axis show different magnitudes of decline. .............................. 50 

Figure 7. Intra-annual variability of organic and inorganic nutrients for the period 
2008–2020 shown with locally weighted scatterplot smoothing (loess). (a) 
Phosphorus (PO4), (b) ammonium (NH4), (c) nitrate (NO3), (d) dissolved organic 
nitrogen, (e) dissolved organic carbon, and (f) specific discharge for 12 headwater 
streams in the Krycklan Catchment Study. Colored circles represent each 
observation for each stream, dashed lines represent loess trend per stream, black 
line represent the overall temporal variability with ±SE shaded in gray. Background 
colors delimitates average seasons. ....................................................................... 52 

Figure 8. Difference in nutrient concentration between treatment and reference 
catchments before and after interventions for PO4 (a), DIN (b), DON (c), DOC (d), 
NH4 (e) and NO3 (f). Black circles represent individual data points. *denotes 
significant difference (p < 0.05) between treatments during each intervention period; 
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different uppercase letters indicate significant difference (p< 0.05) for catchments 
with clear cut and ditch cleaning after each intervention; and different lower case 
letters indicate significant difference (p< 0.05) for catchments with clear cut but 
without ditch cleaning after each intervention . Green dotted line denotes the control 
zero reference. Solid line in box plots is the median value, box extents are the 
interquartile range (IQR) and whiskers show the 1.5IQR value. ............................. 55 

Figure 9. Time series of organic and inorganic nutrients cumulative exports for the 
pre-disturbance, post-clear cut and post-drainage period. (a) PO4, (b) DIN, (c) DON 
and (d) DOC for catchments with clear cut and ditch cleaning shown with yellow line 
(i.e., DC3), catchments with only clear cut shown with blue line (i.e., DC2) and 
reference catchments shown with green line (i.e., C2). Background colors delimitates 
average seasons. ................................................................................................... 57 

Figure 10. Nutrient concentrations of water from the inlet and outlet of the biochar 
filter for each experimental catchment. Solid lines represent a significant difference 
between inlet (red) and outlet (purple) over time according to the LMM (p < 0.5). The 
dotted lines represent non-significant relationships. Shape of the points identifies 
catchments, where circle is DC4, triangle DC1, square DC2, and cross DC3. ....... 59 

Figure 11. Illustration showing the main ways of how organic (a, b) and inorganic (c, 
d) nutrients move in catchments with lots of forest (a, c) and catchments influenced 
by mires (b, d). ........................................................................................................ 84 

Figure 12. Trends of organic and inorganic nutrients. The upper illustration (a) shows 
the increase in time of levels of organic C dissolved in water and the decrease of 
inorganic N and P dissolved in water and in the lower illustration (b) shows the 
seasons when the decline is stronger. .................................................................... 85 

Figure 13. Summary of how C, N and P nutrient concentration exports change after 
sequential forest management operations typical of wet forests in Sweden. .......... 86 
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The world´s freshwater resources are currently threatened by increasing 
surface and groundwater pollution, global climatic changes, and the 
destruction and degradation of aquatic ecosystems with direct repercussions 
on societal well-being, economic stability, and ecosystem health (Gleick, 
Singh, & Shi, 2001). Even in sparsely populated regions at high latitudes, 
freshwater ecosystems are being affected by long-range transport and 
deposition of pollutants, climate change, and land use change, such as forest 
management (Laudon et al., 2011; Teutschbein et al., 2017). Addressing 
these challenges, however, requires improved understanding of how, when, 
and where changes in water quantity and quality occur within river networks. 
To reach these goals, we need to recognize how different catchment features 
are organized to regulate surface chemistry at multiple scales and under 
different hydrological conditions (Laudon & Sponseller, 2018). However, 
while understanding hydrological functioning is critical, this must be 
combined with efforts that explicitly address how anthropogenic activities 
directly impact water resources for human consumption, as well as the 
transport of nutrients and contaminants to downstream receiving water 
bodies. Overall, despite significant progress in recent decades, substantial 
knowledge gaps still exist that need to be address to enhance our ability to 
predict and protect water quality. 

1.1 Boreal landscapes 
The boreal biome makes up only 8% of the global land area, but constitutes 
one third of the world’s forests and contains an estimated of one third of the 
terrestrial carbon pool (Bradshaw & Warkentin, 2015). The boreal landscape 
comprises a mosaic of terrestrial and aquatic patches, including forests, lakes 

1. Introduction 
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and mires, all drained by a network of streams and rivers. The drainage area, 
often called catchment, commonly contains a mixture of soil types, 
vegetation, geology, topography and consequently hydrological regimes. 
Topography influences the persistence of these three features, as mires form 
in areas where water flow accumulates and saturates the soil surface, whereas 
drier upland areas are predominantly covered by forests, and water-filled 
basins are occupied by lakes (Ivanov, 1981). Generally speaking, such 
features have different hydrological and biogeochemical characteristics, for 
instance, the boreal forest soils consist of a thin layer of organic soils 
overlaying mineral soils with a terrestrial-aquatic interface dominated by 
organic matter rich riparian zones (Ledesma et al., 2018), whereas mires are 
dominated by a deep waterlogged peat layer (Mulqueen, 1986). The 
organization of these landscape units gives rise to a complex and dynamic 
hydrology that can vary depending on stream size and season (Troch et al., 
2009). In northern latitudes, annual hydrological regimes are dominated by 
long winters, intermittent soil frost, and large snow melt events during spring 
and early summers, often making up to 40-60% of the total annual water 
yield (Laudon, Hasselquist, et al., 2021). Here, input as snowmelt or rainfall 
can become runoff as overland flow during spring or percolate into soils 
where it is partitioned into shallow or deep groundwater flow paths, making 
it seasonally available to plants or runoff to streams. In the soil matrix, water 
interacts with organic and minerogenic materials while moving through flow 
paths influencing the subsurface water chemistry depending on the residence 
time and vertical storage of solutes in the subsurface (Bishop, Seibert, 
Köhler, & Laudon, 2004). Consequently, the distinct chemical signature 
downstream of each catchment conveys the products of terrestrial 
productivity, mineral weathering, hydrologic flow paths and atmospheric 
deposition. As such, these integrated catchment features exert first-order 
controls over stream water quality, influencing the magnitude and timing of 
different element fluxes (Laudon & Sponseller, 2018). 

In this thesis, I focused on carbon (C), nitrogen (N) and phosphorus (P) 
dissolved in water, as they are the major elements that compose all organisms 
and are essential for growth and reproduction both in terrestrial and aquatic 
ecosystems. Particularly, boreal catchments are characterized by high 
amounts of organic carbon available for transport to water bodies (Kritzberg 
et al., 2020), N-poor boreal soils with strong N retention and therefore N 
limitation (Högberg, Näsholm, Franklin, & Högberg, 2017) and P that 



19 
 
 

weakly adsorbs to peat and therefore is easily transferred to the receiving 
water by runoff (Rodgers et al., 2010). The dissolved organic carbon (DOC) 
flux to headwater streams is largely determined by the quantity and quality 
of soil organic matter (SOM) in peatlands (I. F. Creed, Beall, Clair, Dillon, 
& Hesslein, 2008) and organic-rich riparian forest soils (Ledesma, Futter, 
Laudon, Evans, & Köhler, 2016), while N fluxes are highly variable due to 
a multitude of abiotic and biotic processes influencing N storage, 
transformations, and transport; these are nevertheless influenced by forest 
type, hydrogeology and topography (I. F. Creed & Beall, 2009). For 
example, headwater mires constitute an important source of reactive N to 
receiving streams, by vertically separating N supply from biotic demand 
(Sponseller, Blackburn, Nilsson, & Laudon, 2018). Finally, similar to other 
landscapes, P loading from catchments to streams, is controlled by chemical 
characteristics of soil and presence of P-adsorption elements such as Al, Fe, 
Ca and Mg (Hartikainen, 1979). 

1.2 Water quality in boreal landscapes 
The quality of stream water reflects the interaction between hydrological and 
biogeochemical characteristics of the distinct landscapes. As such, stream 
water quality is comprised of a multitude of dissolved and suspended 
materials, all of which varies, sometimes independently, depending on the 
landscape types and seasonal timing (A. M. Ågren et al., 2014). Among these 
exported elements, dissolved C, N and P are mobilized from catchment soils 
and exported to streams, downstream lakes and eventually the sea. In 
freshwater ecosystems, the concentration and stoichiometry of naturally 
occurring C, N and P in water can regulate productivity, nutrient cycling, 
secondary production, aquatic community composition, and food web 
dynamics. (Eimers, Watmough, Paterson, Dillon, & Yao, 2009; J. J. Elser et 
al., 2000). Specifically, DOC plays an important role in the biogeochemistry 
and ecology of surface waters (Schelker, Eklöf, Bishop, & Laudon, 2012). 
DOC exerts control over acid-base chemistry (Buffam, Laudon, Temnerud, 
Mörth, & Bishop, 2007), affects the transport of organic pollutants (De 
Paolis & Kukkonen, 1997), and influences metal export in streams and rivers 
(Bishop et al., 2020). Similarly, N and P are the most important limiting 
nutrients in both terrestrial and aquatic environments, and in freshwater 
ecosystems the concentration of these elements are regarded as the most 
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important determinant of aquatic productivity (i.e., growth and abundance of 
aquatic organisms) and water quality (Schindler, 1974). Specifically, the 
supply of inorganic N and P can directly and indirectly limit the metabolic 
activity of heterotrophic microorganisms, increase primary producer 
biomass and consequently influence aquatic food webs.  

Changes in supply of DOC, N and P from catchments to freshwater 
ecosystems thus have important ecological consequences (Cloern, 2001; 
Irena F. Creed et al., 2018), which can ultimately influence ecosystem 
services such as fish biomass production and other recreational values (Smith 
& Schindler, 2009; van Dorst et al., 2019), but also the provision of drinking 
water (Lavonen, Gonsior, Tranvik, Schmitt-Kopplin, & Köhler, 2013; Smith, 
Joye, & Howarth, 2006). For example, increases in DOC concentration and 
water color plays an important role in the so-called “brownification” of water 
bodies, while the enrichment of N and P, beyond the natural capacity of 
receiving water bodies, leads to eutrophication of lakes and streams. Some 
of the largest and most dramatic “brownification” trends have been recorded 
in boreal regions (De Wit et al., 2021), which is likely due to the high 
amounts of organic carbon available for transport to water bodies (de Wit, 
Austnes, Hylen, & Dalsgaard, 2015). Likewise, receiving water bodies in 
northern regions, such as the Baltic sea, have been classified as affected by 
eutrophication due to nutrient inputs from human activity (Andersen et al., 
2017). However, in some northern streams, ‘oligotrophication’ trends, or 
decreasing concentration of N and P dissolved in stream and lake water, has 
also been reported (Huser, Futter, Wang, & Fölster, 2018; Lucas et al., 2016). 

In northern boreal landscapes, there is increasing evidence that catchment 
exports of C, N and P to lakes and streams are changing in response to 
multiple environmental drivers (De Wit et al., 2020; Deininger, Kaste, 
Frigstad, & Austnes, 2020; Fork, Sponseller, & Laudon, 2020). For example, 
DOC concentrations in surface waters have increased throughout northern 
Europe and North America, as a result of recovery from acid deposition 
(Clark et al., 2010; Chris D. Evans et al., 2012; Monteith et al., 2007), but 
also from changes in climate and land use (De Wit et al., 2016; Kritzberg et 
al., 2020). At the same time, inorganic N and P appear to be declining, 
reflecting a reduction in atmospheric deposition, tightening of 
biogeochemical cycles on land in response to climate warming and elevated 
CO2 (Lucas et al., 2016; Mason et al., 2022), as well as emergent 
geochemical sinks (Huser & Rydin, 2005). Moreover, most of the expected 
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changes in the concentration and balance of C, N and P will co-occur with 
biogeochemical changes driven directly by land use changes, including 
forest management. Here, different forest operations have been shown to 
impact DOC, N and P exports to surface water (Shah et al., 2022) due to the 
highly mechanized and intensive operations followed during the forestry 
rotation (Kuglerová et al., 2021). In this regard, the combined effects of these 
changes in surface water chemistry have the potential to alter energy and 
nutrient supply to aquatic ecosystems (Stetler, Knoll, Driscoll, & Rose, 
2021) with important ecological and chemical consequences in streams and 
lakes (e.g. the Baltic Sea) as well as impacts on drinking water (M. Bieroza, 
Baker, & Bridgeman, 2009; Conley et al., 2009) and agricultural water 
supplies (Gleick et al., 2001). Therefore, understanding the controls over C, 
N, and P exports in the face of multiple direct and indirect drivers is central 
to predicting the water-quality consequences of changing environmental 
conditions, including increases in anthropogenic nutrient loading (e.g., 
Wachholz et al., 2023), various land management activities (Shousha, 
Maranger, & Lapierre, 2021), and ongoing climate change (e.g., Teutschbein 
et al., 2017). 

1.3 Management of boreal catchments 
Forestry is the dominant land-use in many forested regions of the world and 
constitutes an important economic base for numerous regions and countries 
(Birdsey & Pan, 2015). For example, in boreal regions, specifically in 
Sweden and Finland, more than 50% of the land area is covered by forests, 
and over 70% of their forested area is classified as productive forest land that 
experiences some forestry operations (Kuglerová et al., 2021). Due to the 
recent efforts to shift to a more bio-based economy, global forest biomass 
demand is increasing and in boreal regions a significant proportion of this 
increasing demand is met by the biomass harvest from the peatlands 
historically drained for forestry (Nieminen, Piirainen, et al., 2018). The 
drainage of peatlands, started after extensive forest logging in the early mid-
1800s where most of low productive peatlands in the boreal regions were 
drained to enhance forest production (Norstedt, Hasselquist, & Laudon, 
2021) even though prior to the 1900´s peatlands constituted an important 
resource for farmers. Just in Fennoscandia, about 15 million ha of peatlands 
and wet mineral soils, of which nearly 60% is located within the Baltic Sea 
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basin, were drained in the last century to increase forest production 
(Paavilainen & Päivänen, 2013; Sikström, Jansson, & Pettersson, 2020), 
resulting in a total of approximately 1 million km of a century old artificial 
drainage channels (Laudon et al., 2022). Today, boreal forests are subject to 
a range of management interventions in a relatively long rotation cycle (i.e., 
60-100 years) with highly mechanized and intensive operations. In Sweden, 
the typical forest management rotation cycle includes a series of operations 
including mechanized site preparation by disk trenching or mounding before 
planting conifer seedlings (Esseen, Ehnström, Ericson, & Sjöberg, 1997), 
pre-commercial and commercial thinning, harvest by clear cutting of the 
even-aged, single-story stand, and finally ditch maintenance by clearing the 
old ditches (a process called ditch cleaning) that have lost their drainage 
capacity because of sediment infilling and establishment of vegetation 
(Nieminen, Piirainen, et al., 2018).  

Water draining managed forests is generally classified as of high quality 
(Kauffman and Belden, 2010), with forests having a positive effect on water 
quality (Duffy et al., 2020), mainly as a result of low runoff volumes and low 
sediment yield due to the protective function of forests as nutrient sinks 
rather than source due to nutrient uptake by fast growing trees (Koivusalo et 
al., 2006). However forests subject to different management operations have 
the potential to impact catchment hydrological processes and impair water 
quality (Shah et al., 2022). In boreal catchments, forest management 
interventions have been found to increase loads and the concentration of C, 
N and P in runoff water, becoming one of the main concerns connected to 
the impact on water quality and freshwater ecosystem health (Shah et al., 
2022). Specifically, harvest by clear cutting, has been shown to increase 
DOC, N and P exports to surface water for several years (Kaila et al., 2014; 
Schelker et al., 2012, 2016) and ditch cleaning may account for over 60-70% 
of the total sediment and nutrient loads from forests, resulting in long-term 
increased levels of DOC (Asmala, Carstensen, & Raike, 2019; Kuglerová et 
al., 2021). The magnitude and duration of such changes in nutrient loads 
during and after forest management interventions is dependent on several 
factors, including catchment topography, soil properties, hydrology, harvest 
intensity, and climate, among others (Kreutzweiser, Hazlett, & Gunn, 2008). 
In a boreal context, such extensive and intensive forest management 
operations could have large ecological consequences for both terrestrial and 
aquatic ecosystems, despite the small magnitude and limited duration 
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compared with other land uses such as agriculture or urban landscapes 
(Deval et al., 2021; Loehle et al., 2014). Furthermore, several studies reveal 
that the response in water quality and quantity to different forest management 
operations could be connected and have potentially cumulative effects, 
including short and long-term effects on hydrological processes (Koivusalo 
et al., 2008) and on the storage, availability and export of nutrients and other 
pollutants (Kļaviņa et al., 2021). It is therefore imperative to further improve 
our understanding of the nutrient load dynamics occurring individually in 
each forest management operation as well as the cumulative effect of the 
forestry rotation. Similarly, understanding the relationships among forest 
management, ongoing environmental change, and ecosystem functioning is 
critical to managing boreal forests in ways that promote sustainability and 
protects surface water resources. 

1.4 Ways to mitigate the effect of forestry on water 
quality 

Leaching of C, N and P from catchments with forest management in drained 
peatlands imposes a threat to quality of surface waters in boreal landscapes 
(Nieminen, Ahti, Nousiainen, Joensuu, & Vuollekoski, 2005). Developing 
and implementing management strategies, with concrete water protection 
methods is recognized as a major challenge in maintaining the sustainability 
of forest management in boreal landscapes (Laudon et al., 2011). 
Nevertheless, a large variety of different potential mitigation measures have 
been used or proposed to mitigate nutrient export load to boreal 
watercourses. Currently, efforts focus on tree retention strategies such as 
implementing forested riparian buffers or operation-free zones adjacent to 
small streams, with the most common approach being thin fixed width, 
conifer-dominated buffers (Kuglerová, Muotka, Chellaiah, Jyväsjärvi, & 
Richardson, 2024; Richardson, Naiman, & Bisson, 2012). However, these 
thin buffers do not always provide the protection or the desired subsidies, in 
terms of leaf litter quality, needed to maintain water quality and robust 
aquatic communities (Hasselquist et al., 2021). Kritzberg et al. (2020) 
similarly proposes altering vegetation type in highly hydrological connected 
areas by managing spruce trees via thinning and actively planting broadleaf 
tree species. Other conventional methods to mitigate nutrient export are 
sedimentation ponds, which typically maintain a permanent pool of water to 
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improve water quality by settling of settleable or suspended solids and 
sediment-bound pollutants. The sedimentation ponds have been shown to 
decrease dissolved nutrient export loads but are rather ineffective outside the 
growing season (Väänänen et al., 2008). On the other hand, many scientist 
are proposing a change in silviculture practices, changing from clear cut 
harvesting to continuous-cover forestry and therefore improving water 
quality, biodiversity and carbon sequestration (Laudon & Hasselquist, 2023). 
Yet, the development of management plans through continuous cover 
forestry requires a holistic ecosystem approach within a broader landscape 
perspective (Laudon et al., 2011).  

At present, this wide range of technologies and methods for safeguarding 
water resources are either expensive, require large areas, or are inefficient in 
reducing dissolved nutrients export loads, especially outside the growing 
season (Hynninen, Sarkkola, Laurén, Koivusalo, & Nieminen, 2011; 
Liljaniemi et al., 2003). Consequently, new scalable tools are needed to 
counteract the negative effects of forest management on water quality. 
Biochar has been proposed as a promising solution to reduce nutrient exports 
with adsorption- based purification of runoff water (Saarela, Kakaei Lafdani, 
Laurén, Pumpanen, & Palviainen, 2020). Biochar is a carbon- rich product 
made from any type of organic material (feedstock) by pyrolysis where the 
organic matter is heated at 300–800°C under low oxygen concentrations 
(Lehmann & Joseph, 2012). Biochar has been shown to be an effective 
nutrient adsorbent (Laird, Fleming, Wang, Horton, & Karlen, 2010) due to 
its porous structure, large specific surface area, and high cation and anion ex- 
change capacity (Ahmad et al., 2014; Gwenzi, Chaukura, Noubactep, & 
Mukome, 2017). Furthermore, it is also well established that the application 
of biochar to soils can promote soil fertility, which ultimately may enhance 
plant growth (Barrow, 2012; Jeffery et al., 2011). Hence, suggesting a 
potential circular system where nutrients successfully captured by biochar 
could then be applied back to forests, adding to the soil carbon stocks, and 
serving as a source of nutrition to trees that enhances growth (Palviainen et 
al., 2020). However few studies have addressed the use of biochar in water 
protection in peatland forests (Kakaei Lafdani et al., 2021; Kakaei Lafdani, 
Saarela, Laurén, Pumpanen, & Palviainen, 2020; Saarela et al., 2020), and to 
our knowledge, there are no studies that have tested the biochar adsorption 
capacity in on- site field conditions. Therefore, in order to upscale this 
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technology it is important to understand the effectiveness and limitations of 
this method in a field context. 
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Long-term and seasonal variation in the supply and stoichiometry of C, N 
and P can influence a wide range of ecological and biogeochemical processes 
in streams, rivers, and lakes (Sardans, Rivas-Ubach, & Peñuelas, 2012). 
While the supply of DOC to boreal streams have been widely studied, for 
example, establishing that during high flows DOC is exported (Bishop et al., 
2004; Fork, Sponseller, et al., 2020) or that DOC concentrations have 
increased in many high latitude streams (Evans, Monteith, & Cooper, 2005), 
the simultaneous response to high flows or the long-term trends for N and P 
and therefore the appearing ratios among these resources, are not well 
documented. Furthermore, while the large scale anthropogenic drivers, such 
as climate change and recovery from acidification are suspected to be the 
major contributing forces on the DOC trends (De Wit et al., 2016; Lawrence 
& Roy, 2021), it is still not certain how these drivers can affect N and P. 
Likewise, the effect of local scale anthropogenic drivers, such as forest 
management, simultaneously on C, N and P has not been studied in detail. 
The overall aim of this thesis is to understand the natural and anthropogenic-
driven change in the supply of C, N and P to freshwater ecosystems from 
catchments with different characteristics and anthropogenic intervention in a 
boreal landscape. This thesis is based on four studies and the objective of 
each study was to: 

 
I. Understand the variability and controls over C, N, and P exports from 

diverse catchments in a boreal landscape using concentration-discharge 
(c-Q) relationships. The specific objectives were to study (i) how the 
dynamics of C, N, and P supply to a boreal stream network are regulated 
by hydrology, (ii) how catchment characteristics influence this supply, 

2. Knowledge gap and research objectives 
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and (iii) how c-Q and ratio-discharge (ratio-Q) relationships vary at 
seasonal, annual, and decadal time scales (Paper I).  
 

II. Determine how C, N, and P concentration in surface waters of a boreal 
stream network has changed over the last decade in catchments with 
different characteristics. The specific objectives were to evaluate (i) 
trends of inorganic N and P, (ii) seasons when the directional change in 
nutrient chemistry is particularly strong or weak, (iii) how the different 
catchment characteristics influenced these trends, and (iv) influence in 
the stoichiometric balance of dissolved resources (Paper II).  
 

III. Examine the discrete and cumulative effect of two forest management 
operations on total export loads of C, N and P to water bodies in a boreal 
landscape. The specific objectives were to assess (i) the change in 
nutrient concentration in outflow water after each individual forest 
operation, and (ii) the additive or reversible effects on nutrient 
concentration and exports of both the forest operations together. 
 

IV. Investigate the water purification capacity of biochar filters to alleviate 
the impact of forest management operations on C, N and P in streams. 
The specific objectives was to (i) test for different initial nutrient 
concentrations exported from different forest management operations.   
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3.1 Study sites 
Papers I and II were based on the Krycklan Catchment Study (KCS), a 
northern boreal catchment composed of different sub catchments with 
variable land-cover properties, but with limited anthropogenic activities. 
Papers III and IV were carried out in the Trollberget Experimental Area 
(TEA), a managed boreal forest catchment located less than 1 km from the 
KCS. In paper III, the forested KCS sub catchments (i.e., C1 and C2) were 
used as controls to evaluate the effect of clear cutting and ditch cleaning on 
carbon and nutrient exports to surface waters in the TEA. 

3.1.1 The Krycklan Catchment Study (Paper I-IV) 
The Krycklan Catchment Study (KCS) is a long-term research and 
monitoring watershed located in the boreal zone of northern Sweden (64° 14´ 
N, 19° 46´ E) approximately 60 km from the Baltic Sea coast. The 68-km2 
catchment is composed of 14 intensively monitored sub catchments ranging 
over three orders of magnitude in size, from 12 to over 1900 ha (Figure 1). 
Like other boreal regions, the KCS consists of a mosaic of land covers; 
dominated by forests with 87% of the total area while mires occupy 9% and 
lakes 1% of the catchment area (Laudon et al., 2013). Forests are dominated 
by Scots Pine (Pinus sylvestris; 63% cover) found mostly on the dry uplands, 
Norway Spruce (Picea abies; 26%) in wetter low-lying areas, and deciduous 
trees (~10%), primarily birch (Betula spp.) with an understory of ericaceous 
shrubs, mostly bilberry (Vaccinium myrtillus) and lingonberry (Vaccinium 
vitis-idaea) on moss-mats dominated by Hylocomium splendens and 
Pleurozium schreberi. When divided by sub catchments, the KCS presents a 

3. Methods 
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land cover gradient ranging from 100% forest cover (i.e., C2) to up to 44% 
of open peatlands, with two monitoring stations located in outlets of a 
Sphagnum-dominated mire (acid, oligotrophic, and minerogenic mire; C4), 
and a small humic lake (C5). This landscape is underlain by quaternary 
deposits dominated by till (51%) that vary in thickness from a few 
centimeters to tens of meters, and sorted sediments (30%) (Laudon et al., 
2013). 

The climate is typical of the northern boreal zone, characterized as a cold 
temperate humid type with short and cool summers followed by long dark 
winters. The 30-year mean annual air temperature (1986– 2015) is 2.1°C with 
the highest mean monthly temperature occurring in July and the lowest in 
January (+14.6 and -8.6°C, respectively; Kozii et al., 2020). The area is 
affected by general warming as mean annual temperature has increased by 
2.5°C in the last 40 years, most rapidly during late autumn and winter months 
(Laudon, Hasselquist, et al., 2021). The average snow cover is 167 d yr-1, 
typically from late October to early May, but has been declining at a rate of 
~0.5 d yr-1 (Laudon & Löfvenius, 2016). Total annual precipitation averages 
around 614 mm yr-1 of which approximately 35–50% falls as snow and 311 
mm becomes runoff (Laudon et al., 2013). The hydrologic regime is 
characterized by high flow during the spring snowmelt (April–May), which 
accounts for 40–60% of the annual discharge. In addition, hydrologic inputs 
to KSC streams are dominated by shallow groundwater flow paths (Bishop 
et al., 2004), although this can vary across the channel network. More 
specifically, in smaller sub catchments, lateral subsurface flow paths 
contribute ∼80% of stream baseflow due to a compact layer of basal till with 
substantially lower hydraulic conductivity (Jutebring Sterte, Lidman, 
Lindborg, Sjöberg, & Laudon, 2021). By comparison, for sub catchments 
larger than 10 km2 (i.e., C15 and the KCS outlet C16), deeper groundwater 
sources can contribute 70%–80% of surface water during baseflow periods 
(Peralta-Tapia et al., 2015). 

Approximately 25% of the KCS has been protected for research since 
1922, whereas the ownership of the remaining area is divided among private 
individuals and forest companies (Laudon, Hasselquist, et al., 2021). 
Historically, prior to the early 1900's, up to 22% of the original peatland area 
in the KCS was used for hay harvest on mire meadows whereas only 3% 
were drained for more modern agriculture. Afterwards, beginning around 
1900, mires were drained to enhance forest wood production and as a 
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consequence about 40% of the original peatland area is currently forested 
(Norstedt et al., 2021). Consequently, within the KCS, there are 
approximately 162 km of forest ditches (E. M. Hasselquist, Mancheva, 
Eckerberg, & Laudon, 2020) and approximately 180 km of natural, 
permanent streams (A. Ågren, Lidberg, & Ring, 2015). 

3.1.2 The Trollberget Experimental Area (Paper III and IV) 
The Trollberget Experimental Area (TEA; 64° 10′ N, 19° 51′ E), is located 
approximately 50 km northwest of the city of Umeå in northern Sweden 
(Figure 1) and is part of the KCS which provides long-term study sites in 
upland catchments and serves as references. The TEA is built around 
replicated and controlled experimental catchments based on a BACI (before-
after control-impact) approach, consisting of four side-by-side catchments 
(Figure 1b and a) with two forestry management intervention treatments 
(clear-cut with or without ditch cleaning) and two unharvested, but drained 
catchments in the KCS. The climate is similar to that of KCS, being 
characterized as a cold temperate humid type with relatively short and cool 
summers followed by long dark winters. The forested catchments are 
covered by Scots pine (Pinus sylvestris L.) trees and Norway spruce (Picea 
abies L.) primarily with an understory of ericaceous shrubs. Here, the 
underlying soils have an average organic soil depth of 140mm and are 
dominated by Humic Podzol, with some Humo-Ferric Podzol in drier areas 
and Histosols in wet areas. The TEA experimental catchments have a 
drainage area ranging from 4 to 10 ha, an average tree volume prior to clear-
cut of 270 m3 ha-1  and a ditch density of 166±40 m ha-1. Comparably, the 
reference KCS catchments have an average tree volume of 200 m3 ha-1  and 
a ditch density of 252 m ha-1 (Laudon, Hasselquist, et al., 2021; Zannella et 
al., 2023).  

In summer 2020, all four TEA catchments were clear cut harvested using 
standard forestry practice and tree stems and branches were removed from 
the site (i.e., DC1, DC2, DC3 and DC4; Figure 1 and Figure 2). 
Approximately one year after, in September 2021, two of the four catchments 
were ditch cleaned using a 20-ton crawling excavator in DC1 and DC3, 
whereas the ditches were left uncleaned in DC2 and DC4 as controls. Further, 
as a forested reference catchments, I used C1 and C2 of the KCS, which are 
98 and 100% forested, respectively and similar in terms of soil types and 
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forest composition (Laudon, Hasselquist, et al., 2021). C1 is larger in 
comparison, with an area of 48 ha. Both the treated and reference catchments 
have been affected by historical ditching activity that occurred in the early 
20th century to improve drainage and increase forest production (Päivänen 
& Hånell, 2012). Typical ditch dimensions before cleaning at TEA were 
similar across the ditch cleaning catchments, on average 500 mm (± 150) 
deep and 1470 mm (± 360) wide at the top. This is comparable to ditches at 
KCS unharvested forest reference sites, which are on average 500 mm (± 
210) deep and 860 mm (± 530) wide. 

 

 
Figure 1. Location of the study sites within Sweden (left). The (a) Krycklan Catchment 
Study (KCS) shown with sub catchments including the Trollberget Experimental Area 
(TEA) and a close up of the (b) KCS reference and (c) TEA treated sub catchments. Red 
circles are the locations of water quality monitoring weirs in the KCS and TEA. Blue and 
mustard shaded areas delineate the different forest management treatment catchments 
(DC1-DC4); green areas are the reference catchments in the KCS (C1 and C2). C1-C16 
are the permanent KCS monitored sub catchments. The bold grey and yellow lines denote 
the cleaned and left alone ditches, respectively; blue lines are natural or naturalized 
perennial streams. 
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Figure 2. Forest management operations in TEA. Boreal forest before disturbance (a) 
with naturally infilled ditch (b), forest harvest by clear cutting during summer 2020 (c 
and d), and ditch network maintenance by ditch cleaning during autumn 2021 (e and f). 
Photos: a) Alejandro Gándara, b) Eliza Hasselquist. 
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3.1.3 Field measurements 

Water samples (Paper I-III) 
At the KCS I compiled data for dissolved organic carbon (DOC), total 
dissolved nitrogen (TDN), nitrate (NO3), ammonium (NH4), and phosphate 
or soluble reactive phosphorus (PO4), from the KCS regular monitoring 
program for streams during the period between 2008 and 2020. The sampling 
regime is flow weighted, meaning that during spring flood, when discharge 
is the highest, samples are collected as frequently as twice per week, during 
the terrestrial growing season sampling occurs every 2 weeks, and during 
winter base-flow sampling occurs once per month. For paper I and II, I 
analyzed data from 13 streams in the KCS, where 11 of these had data for 
the entire period, ranging from 262 to 311 observations per stream, while for 
the other two streams (C14 and C15) the monitoring program started in 2012, 
and thus included data from fewer years, or 144 and 133 observations, 
respectively. For DOC, the monitoring program started in 2003 for the 13 
sites, thus I took advantage of this longer period, having 478–408 
observations per stream. For paper III, I compiled the data for C1 and C2 
from 2019 until 2023 as this corresponded to TEA experiment.  

At the TEA, starting in 2019, pre-disturbance water samples for analysis 
of DOC, TDN, NO3, NH4, and PO4 were taken at the weirs in the outlets of 
the four treated catchments. In late August 2020, the post clear-cut period 
began and lasted approximately one year. In mid-September 2021, ditch 
cleaning started and the post-drainage period began in late September of 
2021 and lasted until June 2023, when I completed the last sampling. For the 
pre-disturbance, post-clear cut and post-drainage period I sampled 33, 36 and 
45 sampling occasions per period, respectively. The same protocols and 
sampling intensities were followed in the four experimental catchments as 
within the regular KCS monitoring program, during the pre-treatment and 
post-treatment periods. Finally, for paper IV, water sampling points were 
established at the weir in the outlets of the four treated catchments, above the 
biochar (inlet) and ~1 m below the biochar (outlet). Water samples were 
taken daily for the first 2 weeks after ditch cleaning operations (September 
27–October 10) and twice a week until ditch water froze (November 3), 
following the same protocols as in the regular KCS and TEA sampling. 
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Discharge data (Paper I and III) 
At the KCS and TEA, for the same period, water levels were continuously 
measured using automatic stage loggers at all sites and discharge was 
estimated using site-specific rating curves. Rating curves were created from 
salt dilution velocity-area, and time-volume flow measurements covering 
most of the observed flow range (Karlsen, Grabs, et al., 2016). For the KCS, 
year round flow measurements were possible for six gauging stations in 
heated houses, one of which is a reference catchment for paper III (i.e., C2) 
and discharge during winter periods for locations without frost-free gauging 
station in the KCAS and TEA was modeled according to established flow 
relationships (see Karlsen, Seibert, et al., 2016 for further details on 
hydrological measurements). 

Groundwater table depth data (Paper III) 
At the TEA, water table depth (WTD) was measured using 36 continuously 
monitored wells (Solinst Levelogger 5; see Figure 1 for locations). For the 
post-clear cut and post-drainage period, daily continuous data were analyzed, 
with 237 and 204 observations per sampling period, respectively. At all sites, 
WTD was measured relative to the ground surface. 

3.1.4 Biochar field experiment setup (Paper IV) 
After evaluating two different biochar feedstocks in laboratory conditions for 
nutrient adsorption, a wood-based biochar adsorbed the most nutrients and 
therefore was used to upscale the experiment to field conditions in the TEA. 
The wood-based biochar was placed in jute sacks (Granngården AB, Malmö, 
Sweden) and placed in the ditches that drain the four experimental 
catchments (i.e., DC1, DC2, DC3, and DC4, n = 4). I expected different 
solute concentration in the runoff from the catchments with ditch cleaning 
and the catchments without ditch cleaning (Nieminen et al., 2018), thus, 
testing the effectiveness of biochar adsorption with different nutrient 
concentrations in field conditions. Sacks were filled with approximately 100 
L of biochar and 4–5 sacks, depending on flow and geomorphology of the 
channel, were placed in each catchment outlet below the weir aimed to direct 
the ditch water flow through the biochar and to avoid bypass flow around 
and under the sacks. I took water samples before the biochar filter (inlet) and 
afterwards (outlet) daily for the first 2 weeks after ditch cleaning operations 



36 
 
 

(September 27–October 10) and twice a week until ditch water froze 
(November 3). 

3.1.5 Analytical methods (Paper I-IV) 
All samples were collected in acid-washed high-density polyethylene bottles, 
stored in cold conditions and filtered (0.45 μm) in the lab within 24–72 hr. 
Filtered subsamples were frozen (−20°C) immediately after subsampling and 
stored for later analysis of NO3-N, NH4-N, and PO4-P, samples for DOC and 
TDN were refrigerated (+4°C) and analyzed within 10 days after field 
collection. DOC and TDN were analyzed via the combustion catalytic 
oxidation method on a Shimadzu TOC VCPH analyzer (Shimadzu, 
Duisburg, Germany). PO4, NH4 and NO3 were quantified colorimetrically 
using a SEAL Analytical Autoanalyzer 3 (SEAL Analytical, Wisconsin, 
USA). Dissolved inorganic phosphorus was analyzed as PO4 using the 
ascorbic acid method following G-297-03. NH4 was analyzed using the 
Berthelot reaction following the method G-171-96 Rev. 12 and NO3 analysis 
was performed by reduction to NO2 following the method G-384-08 Rev. 2 
(Blackburn, Ledesma, Näsholm, Laudon, & Sponseller, 2017). Dissolved 
inorganic nitrogen (DIN) was calculated as the sum of NO3 (including nitrite) 
and NH4, while dissolved organic nitrogen (DON) was calculated as the 
difference between TDN and DIN. Annual exports was estimated using daily 
discharge and interpolated (daily) stream concentration data. Daily 
concentration of stream nutrients was estimated via linear interpolation to 
gap fill between sampling occasions. Daily export was then calculated as the 
product of the interpolated daily concentration and the specific daily 
discharge. Daily values were summed to estimate cumulative daily exports 
(mg ha-1 day-1). 

3.1.6 Season delimitation 
The seasons were determined using the World Meteorological Organization 
(WMO) standard definition based on air temperature measured at 
Svartberget Field Station located in the center of the KCS (Laudon et al., 
2013). Accordingly, spring begins when mean air temperature reaches above 
0°C for five consecutive days and the maximum temperature is still below 
20°C. Summer begins when the 5-day mean temperature rises above 10°C 
for 10 consecutive days. Autumn starts when the mean daily temperature 
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falls below 10°C and the minimum temperature is below 0°C, and winter 
starts when the daily mean temperature is below 0°C for five consecutive 
days.  

3.2 Statistical analysis 
All statistical analyses were conducted in R (R Core Team, 2022) and 
significance levels were set at p < 0.05 for all tests. Furthermore, all the 
graphics of this study were produced using the R package “ggplot2” 
(Wickham, 2016).  

3.2.1 Concentration-discharge curves (Paper I) 
I evaluated relationships between PO4, NO3, NH4, DON and DOC 
concentration and discharge (c–Q) on a yearly basis by calculating the slope 
(β) of the log c - log specific Q using ordinary least square fit (Zimmer, 
Pellerin, Burns, & Petrochenkov, 2019) and the ratio of the coefficients of 
variation between concentration and discharge (CVc/CVq) (Andreas 
Musolff, Schmidt, Selle, & Fleckenstein, 2015). Hereafter, I refer to log c - 
log specific Q ordinary least square (OLS) as the “c-Q relationship” and 
CVc/CVq as the “c-Q ratio”. The (log)c-(log)Q relationships was calculated 
as follows: 

𝐶𝐶 = 𝑎𝑎𝑄𝑄𝛽𝛽 
where C is concentration, a is a coefficient with units of concentration, Q is 
discharge, and β is a unit-less exponent representing the slope of the log-
transformed c-Q relationship. Furthermore, the coefficient of variation (CV) 
is the standard deviation σ of a variable normalized by its mean µ 
(Thompson, Basu, Lascurain, Aubeneau, & Rao, 2011). The metric is the 
ratio as follows: 

𝐶𝐶𝐶𝐶𝑐𝑐
𝐶𝐶𝐶𝐶𝑄𝑄

 =  
𝜇𝜇𝑄𝑄
𝜇𝜇𝑐𝑐

 
𝜎𝜎𝑐𝑐
𝜎𝜎𝑄𝑄

 

I classified c-Q relationships based on three responses from the slope (β) of 
the c-Q relationship: i) ‘up’, classified as transport-limited (β is positive), ii) 
‘down’, classified as source-limited (β is negative), and iii) ‘flat’, classified 
as constant (β ≈ 0; Ducharme et al. 2021; Moatar et al. 2017; Musolff et al. 
2017). Positive slopes (β > 0) occur when solute concentrations increase with 
discharge and this is described as transport-limited because delivery to the 
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stream is dependent on the capacity of the catchment to move a solute and 
not by the availability or production of the solute. Negative slopes (β < 0) 
indicate a dilution of stream solute concentrations with increasing flow, and 
are described as source-limited because delivery to the stream is determined 
by the solute abundance rather than the ability of the catchment to transport 
them (Ducharme et al., 2021; Moatar et al., 2017; Zimmer et al., 2019). 
Finally, constant behavior indicates that changes in hydrological 
connectivity and flowpath do not affect the solute concentration in the stream 
and this is often attributed to homogenous and uniform distribution of 
elements in the catchment.  

I considered the parameter β to be approximately 0, when β and r2 values 
were low and the slope of the c–Q line was not significant (p>0.05) 
(Ducharme et al., 2021). As an alternative to a classification based on fixed 
ranges (i.e., β > 0.2 or β < -0.2; Zimmer et al. 2019), I resolved c-Q behaviors 
based on significant differences in the slope β from zero (t-test, 95% 
confidence level) (Ebeling et al., 2021). Similarly, I defined a dilution 
response as β less than 0 and enrichment response as β above 0, but only 
when the relationship was significant (p<0.05) and the r2 was high (Zimmer 
et al., 2019). I further defined weak responses when c-Q relationship was 
significant (p<0.05) but the r2 was low (M. Z. Bieroza, Heathwaite, 
Bechmann, Kyllmar, & Jordan, 2018; Ducharme et al., 2021). Finally, I used 
the ratio of the coefficients of variation between concentration and discharge 
(CVC/CVQ) to characterize whether export regimes are chemostatic or 
chemodynamic. Following Musolff et al. (2017), chemodynamic refers to 
solutes that vary strongly and independently from discharge (CVc /CVQ 
>0.5), whereas chemostasis refers to situations where solute concentrations 
are less variable than discharge (CVc /CVQ <0.5).  

3.2.2 Trends (Paper II) 
I analyzed organic C and N and inorganic N and P concentration and molar 
ratios for overall significant monotonic time series trends by performing a 
non-parametric Seasonal Mann–Kendall test with seasons as the blocking 
variable using the “rkt” package (Marchetto, 2017). The Seasonal Mann–
Kendall is well suited to dis- tinguish between random fluctuations and 
monotonic trends and is applicable to data sets with seasonality. It is not 
biased by missing values or values reported as “below detection limit” and 
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requires no assumption of normality (Hirsch and Slack 1984). Specifically, I 
determined the Seasonal Kendall slope (unit yr-1), an extension of the Theil 
Sen slope, to estimate the magnitude of statistically significant trends. If the 
Seasonal Kendall slope is positive it means that the variable consistently 
increases and if it is negative the variable decreases, yet, does not imply a 
linear regression (Hirsch et al. 1982). To further understand the seasonal 
differences in the trends I used the Seasonal Mann–Kendall to test for trends 
of the different seasons and individual months using the median of samples 
collected within each month or season (Hirsch, Slack, & Smith, 1982). 
Finally, to capture and illustrate the general pattern of nutrient concentration 
and molar ratio over time, a locally weighted scatterplot smoothing (loess) 
fitting curve was applied using the “ggplot” package in R (Wickham 2009). 

3.2.3 BACI experimental design (Paper III) 
The statistical design used in this study focuses on the BACI experimental 
design as used previously in hydrological studies (Laudon et al., 2023). To 
compare treatments and reference WTD and nutrient concentration, at each 
sampling occasion, I calculated the difference in mean value of the two clear 
cut-only sites (DC2 and DC4), the two clear cut and ditch cleaned sites (DC1 
and DC3), and the mean value of their reference sites (C1 and C2). Linear 
mixed effect model (LMM) was the used to evaluate whether clear-cut and 
drainage resulted in significant response in WTD, PO4, DIN, DON and DOC. 
The analysis was performed using lme model from the nlme package 
(Pinheiro, Bates, DebRoy, Sarkar, & Heisterkamp, 2022). The fixed effects 
considered in this study were the forest management interventions (i.e., clear 
cut and ditch cleaning) and the random effects included were catchment ID 
and sampling time to account for repeated measures. Finally, to capture and 
illustrate the general pattern of nutrient concentration over time, a General 
Additive Model (GAM) fitting curve was applied using the “ggplot” package 
in R (Wickham 2009). 

3.2.4 Biochar field experiment (Paper IV) 
Response variables consisted of dissolved nutrient concentration in water 
(mg L−1 TDN and DOC and μg L−1 PO4) and available nutrient concentration 
in biochar (% of Tot- C and Tot- N, and mg kg−1 of Tot- P). I used a linear 
mixed- effect model (LMM) to analyze differences in the concentration of 
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PO4, DOC, and TDN between the inlet and the outlet, before and after the 
biochar. The analysis was performed using lme model from the nlme 
package (Pinheiro et al., 2022). The LMM provided a nonparametric 
approach to explain variability in the response variables by fixed effects 
(factors that were included in the study design) and random effects, which 
accounted for factors that were not part of the study design, but possibly 
affected variability in the concentration of PO4, DOC, and TDN between the 
inlet and the outlet. The fixed effects considered in this study were the 
biochar treatment (inlet–outlet) and sampling time (i.e., day number); the 
random effects included were catchment ID and sampling time to account 
for repeated measures. 
  



41 
 
 

To predict future water quality changes and developing sustainable 
management practices, it is crucial to understand current and long-term 
catchment functions that supply essential elements to aquatic ecosystems. 
Moreover, it is necessary to understand how these functions interact with 
anthropogenic activities co-occurring in the landscape and if there are 
feasible ways to mitigate an impact. In this research, I focused in the essential 
limiting nutrients of aquatic ecosystems, C, N and P, as their variation in 
supply and stoichiometry can influence a wide range of ecological and 
biogeochemical processes in streams, rivers, and lakes (Sardans et al., 2012). 
I first tried to provide fundamental understandings of the regulating 
interaction between hydrological flow paths and the terrestrial storage in the 
simultaneous supply to streams of essential nutrients from boreal landscape 
with different catchment characteristics but with limited anthropogenic 
activities. Further, I presented the long term trend of these essential nutrients 
in the boreal streams of these different catchments providing a glimpse of 
where stream chemistry might be heading. From there, I evaluated the effect 
that forestry, the main anthropogenic activity in boreal landscapes, could 
have in the supply of these essential nutrients; and finally, I tested a new 
method to potentially alleviate the impact of this anthropogenic activity on 
the stream concentration of these essential nutrients.  

 

4. Results and discussion 
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4.1 Distinct chemical signature in boreal streams. 
Catchment controls on the supply of carbon and 
nutrients to boreal streams (Paper I) 

The variability in supply of C, N and P across land-water boundaries is 
regulated by the capacity of hydrological transport mechanisms to mobilize 
dissolved forms in the face of biotic and abiotic processes that mediate their 
uptake or removal in soils or groundwater (Gerber & Brookshire, 2014). In 
this regard, for paper I, I analyzed the c-Q relationships from 12 years of data 
to test how seasonal flow regulates the concentrations of DIN and PO4, DON, 
DOC and their respective ratios across 12 streams in the boreal KCS. At 
inter-annual times scales, I observed export regimes predominantly 
chemostatic for all solutes, yet opposing c-Q relationships between organic 
and inorganic solutes (Figure 3a). DOC and DON tended toward transport 
limitation, with significant and moderately positive c-Q slopes (p < 0.0001; 
β = +0.09 and +0.08, respectively) and with little year-to-year change, 
whereas NH4 and PO4 were source limited, with significant negative c-Q 
slopes (p < 0.0001 and β = −0.19 and −0.13, respectively) and with a 
tendency of becoming more source limited over time. However, NO3 had 
generally constant behavior (p > 0.05 and β = 0.01), regardless of time and 
catchment characteristic. Our results showed that organic and inorganic 
nutrients were differently mobilized by increases in discharge, consistent 
with the idea that organic and inorganic solutes have distinct vertical patterns 
of storage in the soils and groundwater (Stewart et al., 2022). Specifically, 
DON and DOC in streams were often enriched at high flows, ostensibly 
because their concentrations and the degree of soil hydrological conductivity 
are highest near the soil surface where soil organic matter storage is greatest 
(Bishop et al., 2004). Thus, the activation of these strata with increasing 
discharge mobilizes large amounts of dissolved organic material (Ledesma 
et al., 2018). By contrast, NH4 and PO4 are unlikely to accumulate in 
surficial, organic soils, where both microbial and plant demand are highest. 
Instead, these solutes are more likely to increase in concentration with depth: 
for PO4 as a consequence of proximity to mineral P sources (Ebeling et al., 
2021) and for NH4 as a consequence of low redox conditions in riparian soils 
and groundwater that constrain nitrification and promote accumulation of 
reduced N (Blackburn et al., 2017). Regardless of the mechanism, and as 
may be expected for a nutrient-poor landscape (Thompson et al., 2011), 
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mobilization of inorganic N and P from biologically active surface soils 
typically cannot keep pace with hydrologic flushing as water tables rise, 
leading to dilution of these solutes in streams. Finally, change in c-Q 
relationships for inorganic nutrients over time suggest that source limitation 
is intensifying as a result of oligotrophication during this period of record 
(Mosquera et al., 2022). 
 

 
Figure 3. Slope of the linear regression relationship (β) of concentration and ratio versus 
the coefficient of variation (CV) of concentration divided by the CV of discharge. (a) 
Slope of the linear log(concentration)-log(discharge) relationships (β) of PO4, NH4, NO3, 
dissolved organic nitrogen (DON), and dissolved organic carbon (DOC) and (b) slope of 
the linear log(ratio)-log(discharge) relationships (β) of DON:DON, DOC:DIN, 
DOC:PO4, and DIN:PO4. Points are coloured by (a) solute or (b) ratio and show c-Q 
relationships for each site and year. Hollow points represent non-significant c-Q or ratio-
Q relationships (p > 0.05). The larger points represent the median for each group. Error 
bars represent the interquartile range. 
 

Our results also highlight strong influences of catchment structure on c-
Q patterns, regardless of solute, season, longer-term directional changes and 
despite the general difference between organic and inorganic c-Q patterns. 
DON, DOC, PO4, and NH4 were all positively correlated (p < 0.05) with 
large-scale, catchment properties such as mire versus forest cover (PCA2). 
Specifically, the organic solute c-Q responses became less constant, while 
inorganic solute responses became more constant along this axis of 
catchment properties. For DOC and DON, c-Q slopes from sub catchments 
with less mire cover, more sorted sediment, larger area and longer channel 
lengths, indicated transport limitation (i.e., positive β in Figure 4a and b, 
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respectively), while for PO4 and NH4, these same sub catchments had a 
constant response. In contrast, for PO4 and NH4, sub catchments with more 
mire cover, smaller area and shorter river lengths, showed a source limited 
behavior (i.e., negative β in Figure 4d and e, respectively), while for DOC 
and DON these same sub catchments had a constant response. Our results 
are in hand with others that have found that catchment characteristics such 
as land-use, soil type, or drainage size can influence the complex interactions 
between hydrological and biogeochemical processes that underpin c-Q 
relationships (Andreas Musolff et al., 2015; Thompson et al., 2011). Sites 
with particularly strong influence from upstream mires stood out in our 
analyses of c-Q relationships for most solutes. In particular, stream draining 
the mire (C4) showed persistent source limitation for DOC and DON (−0.14 
and −0.15, respectively) and the strongest source limitation for PO4 and NH4 
(-0.45 and -0.47, respectively). For DOC and DON, these observations are 
consistent with mechanisms suggested by Laudon et al. (Laudon, Berggren, 
et al., 2011), where dilution during spring flood results from the substantial 
contribution of direct snow-melt flow running atop surficial ice in the mire 
with little peat contact. Further, source limitation for NH4, or even PO4, could 
be explained by the dominance of preferential flow paths through the mire 
(Peralta-Tapia et al., 2015), such that solute exports are supported by an 
exhaustible pool that accumulates at depth during low flow (winter) months 
(Sponseller et al., 2018). Overall, across the KCS network, our inter-annual 
assessment revealed a range of c-Q relationships among organic and 
inorganic solutes, which in most cases appear to reflect the specific 
biogeochemical and hydrological conditions of either the riparian-stream or 
mire-stream interface. 

These different c-Q relationships translated into strongly dynamic ratio-
Q responses, particularly when considering resource pairs that have the most 
distinct subsurface storage and turnover patterns. Most notably, I found that 
the opposing mobilization patterns for organic versus inorganic solutes 
combine to create sharp increases in DOC:DIN (p < 0.05 and β = +0.11) and 
DOC:PO4 (p < 0.05 and β = +0.25) ratios in streams during high flow events. 
By comparison, DOC:DON, was relatively invariant with discharge across 
most catchments, (p < 0.05 and β = 0.0). Overall, differences in timing of 
catchment exports for C, N, and P, create dynamic variation in solute 
concentrations in streams, likely supplying aquatic ecosystems with far more 
organic energy than inorganic building blocks needed to support microbial 
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metabolism. Thus, high flows potentially exacerbate the seasonal imbalance 
of energy versus nutrient supply to aquatic systems with subsequent impacts 
on resource stoichiometry that is central to aquatic ecological processes even 
though N and P deficits could be met to some degree by organic forms (Rulli 
et al., 2022). Such observations gain even more importance when considered 
in the context of general “browning trends” observed across northern aquatic 
systems (Kritzberg et al., 2020), oligotrophication of boreal streams 
(Mosquera, Hasselquist, Sponseller, & Laudon, 2022), “wetter 
autumns/winters” arising from altered precipitation patterns (Teutschbein, 
Grabs, Laudon, Karlsen, & Bishop, 2018), and the likelihood of more 
frequent flood events in the future (Vormoor, Lawrence, Heistermann, & 
Bronstert, 2015), all of which may contribute to amplifying the supply of 
DOC and DON relative to inorganic nutrients across land-water boundaries. 
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Figure 4. Relationship between principal component analysis (PCA) scores of catchment 
characteristics and c-Q relationships (β); streams with significant β (p < 0.05) are shown 
in black circles, non-significant (p > 0.05) in light gray, (overall inter-annual ±1 SE β for 
a given stream). Linear regression of PCA2 versus (a) dissolved organic carbon β, (b) 
dissolved organic nitrogen β, (c) PO4 β,(d) NH4 β, and (f) NO3 β and (e) PCA of 
catchment characteristics for Krycklan Catchment Study. In panel (b–e), red dotted line 
is the significant linear regression with ±1 SE (in light red). The numbers shown are the 
ID for each stream (Figure 1). 
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4.2 Understanding past behavior to foresee future 
consequences. Oligotrophication in a browning 
boreal stream network (Paper II) 

Understanding the long-term trends of relative supply of C, N and P to 
freshwater ecosystems is of significant concern in environmental research 
mainly due to their fundamental importance to aquatic productivity and the 
future of nutrient cycling and food web dynamics of streams and lakes. Thus, 
in paper II I analyzed the long-term simultaneous trends of C, N and P in the 
KCS, a boreal landscape with different catchment characteristics and limited 
direct anthropogenic influence. Our results revealed widespread declines for 
PO4 and DIN co-occurring with a well-established DOC increased in streams 
over the 13-year period (2008-2020). All KCS streams (n = 13) showed 
statistically significant (p < 0.05) declines in PO4 concentration (Figure 5a) 
and almost all (11 out of 13 streams) showed a statistically significant decline 
in DIN concentrations (Figure 5b). The other two streams also showed a 
negative trend but with no statistical significance (p > 0.05). The overall 
magnitude of concentration trends varied between DIN and PO4 and among 
sub catchments, but was broadly similar as an annual percentage. 
Specifically, the annual magnitude of DIP and DIN decrease (Seasonal 
Kendall slope estimator) averaged a decrease of -5.4% (±1.6) and -7.1% 
(±1.6), respectively. Contrary to N and P trends, DOC concentrations 
increased in most of the KCS streams, however with a halt in increase after 
2011 (Eklöf et al., 2021). Specifically, for the period of 2003–2020, 9 out of 
13 streams had statistically significant (p < 0.05) increase of DOC, with an 
averaging increase of 1.2% (±0.6) annually (Figure 5d). Furthermore, while 
both DIN and PO4 concentrations show declines for most of the KCS sub 
catchments at annual scales, a more detailed assessment using the Seasonal 
Kendall test revealed distinct seasons during which most of this long-term 
change. Specifically, the pooled significant (p < 0.05) decline for DIN trends 
was dominated by changes during the open water season (April–October), 
but declines were also observed during winter months (Figure 6a). By 
comparison, significant declines (p < 0.05) for PO4 occurred during spring 
(April–June), as well as from autumn to early winter (October– 
January;Figure 6), both periods that begin with relatively elevated stream 
discharge. Overall, even though the mechanisms that regulate C, N and P 
mineralization and immobilization in soils can differ in fundamental ways 
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(Neff, Hobbie, & Vitousek, 2000), I found trends, declining for PO4 and DIN 
and increasing for DOC concentration, in nearly all study streams, which 
occur regardless of catchment characteristic and independent of hydrological 
change. Therefore, given the spatial extent of observed changes, I suggest 
that these decadal-scale trends are most likely shaped by drivers operating at 
broader spatial scales, including ongoing climate changes and the legacy of 
atmospheric deposition (Laudon, Sponseller, & Bishop, 2021). However, our 
results point toward independent sets of drivers acting in different seasons 
on all three solutes. DOC change is likely regulated by SO4 decline (Fork, 
Karlsson, & Sponseller, 2020), whereas DIN appears linked to biological 
processes in the catchment, as the decline was strongest during the growing 
season and together with increases in DOC:DON at several sites, suggests 
increasing N retention by plants and soil microbes across this landscape. 
Finally, changes in P are likely connected to geochemical changes in near-
stream soils occurring primarily during late autumn and winter.  
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Figure 5. Time series of organic and inorganic nutrient concentration and ratios for the 
period 2008–2020 shown with locally weighted scatterplot smoothing (loess). (a) 
Dissolved inorganic nitrogen (DIN), (b) dissolved inorganic phosphorus (PO4), (c) 
dissolved organic nitrogen (DON)), (d) dissolved organic carbon (DOC) (all streams 
have data from 2003 to 2020), molar ratio of DOC and DIN (DOC:DIN), and molar ratio 
of DOC and PO4 (DOC:PO4) for 13 streams of the KCS (C14 and C15 have data from 
2012 to 2020). Statistically significant trends (seasonal Mann–Kendall test) per stream 
are shown in solid lines, streams with no significant trend are shown with gray dashed 
lines, and the mean trend for all rivers combined is shown in black line with ± 1 SE in 
shaded red. 
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Figure 6. Seasonal Kendall test for inorganic nutrients in stream waters. (a) DIN Seasonal 
Kendall test and (b) PO4 Seasonal Kendal test. Pooled Theil Sen slope is shown with 
filled circles and site-specific Theil Sen slope is shown with hollow circles. Streams with 
non-significant monthly declines (p > 0.05) are shown in light gray. Note that the scales 
in y-axis show different magnitudes of decline. 
 

Given declining trends in PO4 and DIN, together with increasing trends 
for DOC, I found that the ratios between C:N and C:P increased over time in 
almost all the streams in the KCS (Figure 5e and f). Specifically, 11 of 13 
streams showed a significant increase (p < 0.05) in the DOC:DIN ratio 
(Figure 5e) and 12 of 13 streams showed a significant increase (p < 0.05) in 
the DOC:PO4 ratio (Figure 5f). Moreover, the decline of PO4 and DIN seems 
to be stronger in seasons when concentration in streams are already low and 



51 
 
 

DOC concentration is high. Specifically, in paper I, I found that PO4 and NH4 
concentration reached minimum values for all streams during spring (Figure 
7e and c) and NO3 concentrations were lowest from late spring into summer 
(Figure 7d), while DOC and DON concentrations tended to first peak during 
spring flood, and then again, reaching maximum values between end of 
summer and start of autumn (Figure 7a and b). The observed imbalance in 
energy vs. nutrient supply potentially has a long-term effect on the 
oligotrophication process (i.e., decline of nutrients and ecosystem 
productivity) in KCS streams, since most are becoming richer in organic 
carbon but poorer in inorganic nutrients. Several studies have demonstrated 
the importance of interactions among N, P, and DOC stream water 
concentrations in freshwater systems (Bechtold, Marcarelli, Baxter, & 
Inouye, 2012; J. Elser et al., 2007; Francoeur, 2001; Peñuelas, Sardans, 
Rivas-Ubach, & Janssens, 2012) where there are strong ecological and bio-
geochemical connections among these elements (Dodds et al., 2004). For 
example, declines in inorganic N and P could influence C cycling in streams 
either by limiting or co-limiting nutrients for primary production (Burrows, 
Jonsson, Fältström, Andersson, & Sponseller, 2021) and heterotrophic 
respiration (Burrows et al., 2015) and/or by altering how these nutrients 
facilitate litter decomposition (Maranger, Jones, & Cotner, 2018). Overall, 
our observations from this stream network point to ongoing 
oligotrophication, with possible consequences for aquatic ecosystems in 
boreal landscapes. 
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Figure 7. Intra-annual variability of organic and inorganic nutrients for the period 2008–
2020 shown with locally weighted scatterplot smoothing (loess). (a) Phosphorus (PO4), 
(b) ammonium (NH4), (c) nitrate (NO3), (d) dissolved organic nitrogen, (e) dissolved 
organic carbon, and (f) specific discharge for 12 headwater streams in the Krycklan 
Catchment Study. Colored circles represent each observation for each stream, dashed 
lines represent loess trend per stream, black line represent the overall temporal variability 
with ±SE shaded in gray. Background colors delimitates average seasons. 
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4.3 Putting humans in the picture. Cumulative and 
discrete effects of forest management on carbon and 
nutrient exports (Paper III) 

In boreal landscapes, forest management has the potential to become a major 
driver of surface water quality due to the large area of actively managed 
forest combined with the intensity of forestry operations. Therefore, in paper 
III, I analyzed the single and combined effect of two forest management 
operations (i.e., final harvest by clear cutting and subsequent ditch cleaning 
to increase drainage capacity) on the catchment outflow concentrations and 
exports of DOC, DON, DIN and PO4 in boreal Sweden. I found that 
concentration of all nutrients (i.e., PO4, DIN, DON and DOC) in ditch water 
increased significantly (p < 0.05) post-clear cut in all treated catchments 
compared to the pre-disturbance period, however the DIN concentration 
increase was not significant (p > 0.05, Figure 8). Specifically, on average in 
the clear-cut catchments, PO4 increased from 1.3 ± 0.2 to 8.1 ± 1 µg P L-1, 
DIN from 47 ± 6 to 137 ± 13 µg N L-1, DON from 461 ± 17 to 864 ± 70 µg 
N L-1 and DOC from 25 ± 1 to 46± 3 mg C L-1, from pre-disturbance to after-
clear cut period, respectively. Furthermore, after clear cut, due to the removal 
of tree transpiration, WTD rose on average 10 cm reaching approximately 
32cm below ground surface. The rise in WTD is one of the clearest effects 
of clear cutting on drained soils and this has consequences for nutrient 
mobility; where elevated water tables reach soil layers with greater nutrient 
concentrations and induce anoxic conditions in more surficial strata, driving 
changes in biogeochemical processes and increasing nutrient leaching 
(Nieminen, Sarkkola, & Laurén, 2017; Stewart et al., 2022). However, for 
DIN mobilization, clear cutting seemed to have a delayed effect as there was 
an increase in DIN concentrations only after the next growing season after 
clear cutting. Such a response seems to be attributed to a combination of the 
loss of plant nutrient demand during growing season (Hughes & Quinn, 
2019), and eventually higher rates soil N mineralization, also shown by our 
results with a delayed increase of NH4, and a higher hydrologic flux due to 
the increase in WTD (Schelker et al., 2016). 

Conversely, during the post-drainage period, the organic nutrient 
concentration (i.e., DON and DOC) in the catchments with ditch cleaning 
decreased to almost pre-disturbance levels, while in the catchments with no 
ditch cleaning the concentration remained high (Figure 8c and d). The 
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catchments that were ditch cleaned decreased from an average of 579 ± 35 
to 385 ± 16 for DON and 31 ± 2 to 20 ± 1 for DOC, from the post-clear cut 
to post-drainage period, respectively; while the catchments without ditch 
cleaning on average had a DON concentration of 1157 ± 128 µg N L-1 in the 
post-clear cut period and of 970 ± 61 µg N L-1 in the post drainage period, 
and DOC maintained an average of 56 ± 4 mg C L-1 during both periods. 
Once more, the difference in nutrient concentration seems to be an effect of 
the decrease in WTD after ditch cleaning, decreasing 14cm and reaching 
50cm below ground surface on average. DOC and DON declined to almost 
pre-disturbance levels after drainage, which likely reflects the combined 
effect of (1) water table not reaching the upper organic soil layer with its 
easily releasable, high organic nutrient concentrations (Nieminen, Piirainen, 
et al., 2018) and (2) greater fraction of lateral water flowing through deeper 
soil layers with positively charged mineral soil oxohydroxides that yield less 
organic material and could in fact act as sorption sites for the negatively 
charged organic moieties (Åström, Aaltonen, & Koivusaari, 2001). The 
inorganic nutrient concentration (i.e., PO4 and DIN) simultaneously 
increased further during the post-drainage period in the catchments without 
ditch cleaning, from 10.3 ± 2 to 20.5 ± 3 for PO4 µg P L-1 and from 144 ± 21 
to 1003 ± 84 µg N L-1 for DIN, from the post-clear cut to the post drainage 
period, respectively (Figure 8a and b); while for catchments with ditch 
cleaning, DIN concentration increased from 131 ± 17 to 551 ± 49 µg N L-1, 
from post-clear cut to post-drainage period, respectively, and PO4 stayed in 
the same concentration level of 6.8 ± 0.6 µg P L-1 after ditch cleaning (Figure 
8a and b). Here, the lower WTD likely increases the oxygen in peat and 
mineral soil layers, which theoretically will increase adsorption of PO4 by Fe 
and Al and consequently decreasing nutrient concentration (Kaila et al., 
2014; Laudon et al., 2023). Similarly, the differentiated increase of DIN 
could also be explained by the difference in lateral flow due to changes in 
WTD, as clear cutting likely mobilized N near the soil surface and this pool 
could become inaccessible when WTD drops after ditch cleaning (Nieminen, 
Palviainen, et al., 2018). Moreover, this can further be explained by 
understanding the differentiated effect of WTD change on NO3 and NH4  
(Åström, Aaltonen, & Koivusaari, 2005). Specifically, the increase of nitrate 
in response to ditch cleaning, from an average of 66 ± 9 to 373 ± 36 µg N L-

1, could be related to higher nitrification rates due to oxygenated soil layers 
and higher nitrate mobilization; while ammonium mitigated increase, from 
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an average of 65 ± 9 to 178 ± 21 µg N L-1, could be related to a greater 
accumulation of mineralized NH4 in the post-clear cut period in more 
surficial soils that become disconnected as the water table drops (Kaila et al., 
2016). 

 
Figure 8. Difference in nutrient concentration between treatment and reference 
catchments before and after interventions for PO4 (a), DIN (b), DON (c), DOC (d), NH4 
(e) and NO3 (f). Black circles represent individual data points. *denotes significant 
difference (p < 0.05) between treatments during each intervention period; different 
uppercase letters indicate significant difference (p< 0.05) for catchments with clear cut 
and ditch cleaning after each intervention; and different lower case letters indicate 
significant difference (p< 0.05) for catchments with clear cut but without ditch cleaning 
after each intervention . Green dotted line denotes the control zero reference. Solid line 
in box plots is the median value, box extents are the interquartile range (IQR) and 
whiskers show the 1.5IQR value. 
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Forest management operations increased exports of all nutrients, where 
the catchments with only clear cut had the highest total exports of all 
nutrients (i.e., PO4, DIN, DON and DOC), followed by the catchments with 
clear cut and ditch cleaning (Figure 9). However, our results also showed 
that ditch cleaning could help mitigate, or even reverse, the effect of clear 
cut on organic and inorganic exports, as the highest exports of all organic 
and inorganic nutrients were reached by the catchments without ditch 
cleaning. In total, for the entire study period, the reference catchment 
exported 0.03 kg P ha-1, the catchment with clear cut and ditch cleaning 
exported 0.1 kg P ha-1 and the catchment with only clear cut exported 0.6 kg 
P ha-1 of PO4. For inorganic and organic nitrogen, the reference catchment 
exported 0.12 and 3.5 kg N ha-1, the catchment with clear cut and ditch 
cleaning exported 7.0 and 13.8 kg N ha-1 and the catchment with only clear 
cutting exported 9.1 and 27.6 kg N ha-1, respectively. For DOC, the reference 
catchment exported, 226 kg C ha-1, the catchment with clear cut and ditch 
cleaning exported 700 kg C ha-1 and the catchment with only clear cut 
exported over twice this amount, 1463 kg C ha-1. Overall, this reversible 
effect on the total organic and inorganic C, N and P export seems to be a joint 
effect of lower nutrient concentration and a decrease in base flow as both 
concentration and water fluxes act simultaneously on exports (Schelker et 
al., 2012). Nevertheless, although ditch cleaning did show a short-term 
mitigating effect on nutrient exports following clear-cutting, catchments with 
ditch cleaning still showed an increase in organic and inorganic nutrient 
exports when compared to both the reference catchments and the pre-
disturbance period. These increases in organic and inorganic nutrients after 
forest management operations could have important effects on water quality 
and the aquatic ecosystem, contributing to brownification due to an increase 
of DOC or downstream eutrophication due to an increase of N and P in 
receiving water bodies (Nieminen, Sarkkola, Sallantaus, Hasselquist, & 
Laudon, 2021; Smith & Schindler, 2009). 
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Figure 9. Time series of organic and inorganic nutrients cumulative exports for the pre-
disturbance, post-clear cut and post-drainage period. (a) PO4, (b) DIN, (c) DON and (d) 
DOC for catchments with clear cut and ditch cleaning shown with yellow line (i.e., DC3), 
catchments with only clear cut shown with blue line (i.e., DC2) and reference catchments 
shown with green line (i.e., C2). Background colors delimitates average seasons. 
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4.4 Can we do something about it? Biochar as a 
potential tool to mitigate nutrient exports from 
managed boreal forests. (Paper IV) 

As shown in paper III, forest management in drained forested peatlands can 
negatively affect water quality due to the increase in exports of organic 
matter and nutrients. Therefore, in paper IV, I tested a wood-based biochar 
filter as a potential method to alleviate the impact of catchment exports by 
adsorbing the PO4, TDN and DOC concentration in outlets of two catchments 
that underwent clear cut and two that underwent clear cut (i.e., DC2 and 
DC4) and ditch cleaning (DC1 and DC3) in the TEA (Figure 1). Our results 
showed a removal by wood-based biochar of TDN and DOC (p < 0.05) in 
discharge water of one experimental catchment and no removal of PO4 (p > 
0.05) in discharge water (Figure 10), revealing that the efficiency of biochar 
to remove DOC and TDN in the field was dependent on the initial 
concentration of the incoming water (p < 0.05), with higher initial nutrient 
concentrations having a higher efficiency of removal. The reduction in DOC 
and TDN concentration in solution could be explained by a wood biochar 
with large specific surface area, high porosity, and active sites on the 
adsorbent surface interacting with the arriving organic molecules from DOC 
and the organic part of TDN (i.e., DON) (Lee, Cheng, Wong, & Wang, 
2018). Specifically, the experimental catchment with only clear cut (i.e., 
DC4) and the highest initial (upstream) concentration of TDN (2.6 mg N L−1) 
and DOC (95.6 mg C L−1), was the only site where the biochar filter 
significantly lowered the mean concentration (p < 0.05; Figure 10b and c). 
This is likely due to an increase in adsorption in response to the increased 
organic N and C availability in the water which improves the adsorption of 
organic compounds onto biochar surfaces (Saarela et al., 2020). These results 
are consistent with laboratory experiment results (Kakaei Lafdani et al., 
2021; Mosquera et al., 2024), where in controlled environments, the higher 
adsorption rate was found when the initial solute concentration in the water 
was higher. However, even in the catchment with the highest initial solute 
concentration in our field study (i.e., DC4), the mean percent of removal over 
the length of the experiment was only 7% for TDN and 6% for DOC, with a 
maximum removal of 20% and 15%, respectively. These removal 
percentages seem low when compared to other studies where the biochar was 
shown to reduce 58% of the TN concentration (Kakaei Lafdani et al., 2020) 
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or even with the increase in DOC and TN after clear- cut (i.e., an average 
increase of 42% ± 8 and 56% ± 12, respectively) in our study sites (Laudon 
et al., 2023). Yet, the observed low adsorption capacity might be an artifact 
of our filter setup, particularly when compared with other configurations 
such as horizontally oriented columns with longer residence time (Kakaei 
Lafdani et al., 2020). Overall, our results suggest that a wood- based biochar 
filter has the potential to be a water protection tool for reducing the export of 
nutrients from catchments with high nutrient concentration. 

 
Figure 10. Nutrient concentrations of water from the inlet and outlet of the biochar filter 
for each experimental catchment. Solid lines represent a significant difference between 
inlet (red) and outlet (purple) over time according to the LMM (p < 0.5). The dotted lines 
represent non-significant relationships. Shape of the points identifies catchments, where 
circle is DC4, triangle DC1, square DC2, and cross DC3.  
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The work described in this thesis aimed to examine the long term, seasonal 
and anthropogenic supply of C, N and P from catchments to streams in a 
boreal landscape and to develop new ways to mitigate the anthropogenic 
influence on the export of these elements. Although the importance of the 
concentration and stoichiometry of C, N and P on freshwater ecosystems is 
well established, few earlier studies have attempted to understand these 
dynamics, and even fewer in a boreal context. Specifically, as C, N and P are 
individually and collectively essential to aquatic productivity, nutrient 
cycling, and food web dynamics of streams and lakes, all studies in this thesis 
were focused on the simultaneous response of these three nutrients and 
therefore the response in ratios exported to freshwater ecosystems. Using 
over ten years of data from the KCS, I was able to demonstrate that 
catchment characteristics directly influenced the opposing mobilization 
response of inorganic N and P and organic C and N to increases in flow 
(paper I), while opposing long-term trends, increasing organic C and 
decreasing trends of inorganic N and P, were widespread and unrelated to 
catchment characteristics (paper II). Furthermore, these dynamic variations 
in solute concentrations in streams had subsequent impacts on resource 
stoichiometry (paper I and II), regardless of catchment characteristics, with 
strong increasing trends in the balance between the supply of energy vs. 
nutrient ratios (i.e., DOC:DIN and DOC: PO4) and sharp increases in 
DOC:DIN and DOC:PO4 ratios in streams during high flow events. 
Alongside, we demonstrated that anthropogenic activities, such as forestry 
operations, can also have differentiated effects, in magnitude and timing, in 
the supply of C, N and P (paper III) and that protection tools, such as biochar 
filters, will not mitigate the effect in exports equally or universally (paper 
IV). Therefore, given the critical interplay between the supply of resources 

5. Concluding remarks 
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from catchments and their demand in aquatic ecosystems, understanding the 
spatial-temporal variability of C, N, and P concentrations and their ratios is 
key to predicting how northern rivers and downstream lakes may respond to 
ongoing and future environmental changes. For that reason, the information 
developed in my thesis is crucial for those managing these landscapes to 
understand the variability and controls over C, N, and P exports from diverse 
catchments, and it is central to predicting the consequences for water-quality. 
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It has been very interesting to try and understand the C, N and P export 
dynamics, natural and anthropogenic, in a boreal landscape and ways to 
mitigate possible effects. Nonetheless, there are still many questions to be 
answered before we can fully understand C, N and P dynamics in boreal 
freshwater ecosystems. One recurring question at the completion of this 
thesis is whether and to what extent the results obtained in paper I, II and III 
can impact life and functions of aquatic ecosystems. For example, 
throughout all studies, I questioned and discussed how the stoichiometry of 
C, N, and P supplied to aquatic ecosystems can influence a wide range of 
processes, including rates of autotrophic and heterotrophic activity and the 
strength of resource limitation, and how differences in seasonality, nutrient 
exports and trends could trigger ecological unforeseen responses. 
Consequently, although there are many ways forward in this direction, I 
propose starting by understanding more about the resource limitation of 
autotrophic and heterotrophic organisms in these ecosystems. Furthermore, 
I found contrasting results for N versus P concentration dynamics in streams 
in the face of different environmental drivers. Specifically, in paper II, I 
found decreasing trends of inorganic N and P in streams draining natural 
catchments, while in paper III, I found that forest management increases the 
concentration of N and P. Therefore, given the extent of forest management 
in these boreal systems, understanding the effect in receiving rivers and lakes 
of contrasting exports of C, N and P draining from natural catchments and 
catchments more directly influenced by anthropogenic activities is an 
interesting way forward. Specifically, trying to understand the capacity of 
boreal stream networks to buffer or propagate nutrient mobilization in light 
of brownification and oligotrophication trends in streams. Additionally, 
while in paper I and II I was able to use decadal-scale data from the KCS on 

6. Future perspective 
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C, N and P at the catchment scale, I strongly recommend continuous and 
longer-term analysis of catchment functions and stream concentration trends 
on a larger scale (e.g., Baltic Sea catchment scale), since climate change and 
land use changes could have unforeseen, but important future impacts. In this 
context, while I focused this thesis on C, N and P due to its clear importance 
to water quality and freshwater ecology, further analysis of trends, triggers, 
and ways to mitigate exports of other solutes such as sulphate (SO4), iron 
(Fe), or calcium (Ca) would add to the understanding of boreal freshwater 
ecosystem and ways to correctly manage them in a changing environment. 
Finally, although our research showed promising results for using biochar as 
a tool to mitigate nutrient exports from managed catchments, there are still 
many ways forward, such as improving the biochar filter, determining the 
lower limits of nutrient exports where biochar is still effective or evaluating 
if re-introducing the enriched biochar to the catchment´s soils could improve 
forest growth. 
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Carbon, nitrogen, and phosphorus are important nutrients in freshwater 
ecosystems. If there is too little, too much, or an imbalance of these nutrients, 
it can affect many ecological processes and the aquatic life in streams and 
lakes. These nutrients usually move from the land to streams, and this 
movement is controlled by how water can mobilize them from the soil as it 
flows through the catchment. In northern regions, climate change and past 
pollution are likely changing how these nutrients are use on land and flow 
into streams. While we already know that organic carbon dissolved in water 
(DOC) moves from the soil to streams during rain and snow melt, and that 
this levels of carbon are rising in many northern streams, mainly because of 
large-scale human activities, we do not know as much about N and P levels, 
the balance between C, N and P in streams, how these three elements move 
with changes in water flow, and how human activities affect all of these. In 
an attempt to better understand these interactions, I first looked at over ten 
years of data from 13 streams in a boreal catchment with different land uses, 
like mires or forests, but minimal human activity. I started by analyzing the 
relationship between concentrations of carbon, nitrogen, phosphorus and 
stream flow and found that organic and inorganic nutrients are mobilized 
differently when water flow increases. As shown in Figure 11, more organic 
carbon and nitrogen are carried into streams as the water flow increases, 
while inorganic nitrogen and phosphorus are diluted. I also found that the 
type of land cover affects this process, where areas with more mire cover 
dilutes inorganic nitrogen and phosphorus, while areas with more forest 
cover increases organic carbon and nitrogen in streams as the flow increases. 
These differences in how nutrients move with water flow can cause big 
changes in the balance of carbon, nitrogen and phosphorus in streams 
throughout the year. Because of this, in some seasons, streams can have too 

8. Popular science summary 
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much carbon and not enough nitrogen and phosphorus, which could disturb 
the aquatic ecosystem. 

 
Figure 11. Illustration showing the main ways of how organic (a, b) and inorganic (c, d) 
nutrients move in catchments with lots of forest (a, c) and catchments influenced by mires 
(b, d). 
 

In over ten years of data, I noticed that the connection between inorganic 
nutrients and water flow changed, suggesting that the levels of these nutrients 
might be changing over time. That is why in paper II, I investigated these 
changes, looking at not just inorganic nitrogen and phosphorus but also 
organic carbon and nitrogen, and how these levels vary by season. I found 
that the levels of inorganic phosphorus and nitrogen are dropping in streams, 
no matter the surrounding characteristics, as shown in the top illustration in 
Figure 12. The drop in inorganic nitrogen is most noticeable during the 
growing season, suggesting that plants and soil microbes are holding onto 
more nitrogen. On the other hand, the drop in inorganic P mainly happens in 
late autumn and winter, showing that significant biogeochemical changes 
occur outside the growing season too. So, as organic carbon levels in the 
water increase over time, streams are getting richer in carbon but poorer in 
nutrients, especially during critical seasons for aquatic organisms. If these 
trends continue in time the balance of aquatic life in streams and lakes could 
be disrupted.  
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Figure 12. Trends of organic and inorganic nutrients. The upper illustration (a) shows the 
increase in time of levels of organic C dissolved in water and the decrease of inorganic 
N and P dissolved in water and in the lower illustration (b) shows the seasons when the 
decline is stronger. 
 

To fully understand how carbon, nitrogen and phosphorus behave in 
northern streams, I needed to understand how human activities affect these 
nutrients. In boreal ecosystems, forest management is a major human activity 
that could alter carbon, nitrogen and phopshorus levels in streams because it 
is widespread and intensive. Therefore, I studied the forest operations that 
likely have the biggest impact on water quality in Sweden, including 
harvesting all trees and afterwards cleaning out old forest-ditches to be able 
to increase the success of replanting trees. I found that after harvesting the 
trees, the ground water levels increased and levels of carbon, nitrogen and 
phosphorus dissolved in the water went up. However, after ditches were 
cleaned out, ground water lowered and the levels of the organic carbon and 
nitrogen dissolved in the water went back to normal and inorganic nitrogen 
and phosphorus levels did not continue to increase. Even though cleaning the 
ditches helped reduce the impact of forest harvesting on nutrient levels, both 
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the catchments with only harvest and the areas with harvest and cleaned 
ditches still had higher exports of both organic and inorganic nutrients than 
before, as explained in the illustration of Figure 13. This is why, I set up a 
small experiment in these areas to see if using biochar filters could help 
reduce this impact on water quality. I found that biochar filters do reduce 
nitrogen and carbon levels, but not phosphorus, in water coming from areas 
with forest operations. However, the reduction happens only when nitrogen 
and carbon levels are sufficiently high. Finally, I also found that it might be 
possible to return the nutrient enriched biochar to the catchments and help 
trees grow again. 

 

 
Figure 13. Summary of how C, N and P nutrient concentration exports change after 
sequential forest management operations typical of wet forests in Sweden. 
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Kol (C), kväve (N) och fosfor (P) är viktiga näringsämnen i 
sötvattensekosystem. Om det finns för lite, för mycket eller en obalans av dessa 
näringsämnen kan det påverka många ekologiska processer och det akvatiska 
livet i sjöar och vattendrag. Dessa viktiga näringsämnen rör sig vanligtvis från 
land till bäck, ett flöde som styrs av hur vatten tar upp dem i marken och 
transporterar ut dem till närliggande vattendrag. I nordliga regioner kommer 
klimatförändringar och tidigare föroreningar sannolikt att förändra dynamiken i 
hur dessa näringsämnen tas upp och används på land och vad som blir över till 
vattendragen. Även om vi redan vet mycket om hur organiskt kol löst i vatten 
(DOC) rör sig från mark till vattendrag under regn och snösmältning, så är 
kunskapen inte lika stor om hur N- och P, eller balansen mellan C, N och P i 
vattendrag påverkas av mänskliga och naturliga processer. I ett försök att bättre 
förstå dessa interaktioner använde jag först över tio års data från 13 vattendrag i 
ett Västerbottniskt avrinningsområde med olika marktyper, som myr och/eller 
skog, men med liten pågående mänsklig aktivitet. Jag började med att analysera 
sambandet mellan koncentrationer av C, N och P och hydrologi och fann att 
organiska och oorganiska näringsämnen mobiliseras på olika sätt när 
vattenflödet ökar. Jag fann att mer organiskt C och N förs ut i bäckar när 
vattenflödet går upp, medan oorganiskt N och P späds ut. Jag fann också att 
marktypen påverkar dessa processer, där områden dominerade av myr späder ut 
oorganiskt N och P, medan skogbeklädda områden ledde till högre halter 
organiskt C och N i vattendrag när flödet ökade. Dessa skillnader i hur 
näringsämnen rör sig med vattenflödet kan orsaka stora förändringar i balansen 
mellan C, N och P i vattendrag under hela året och resulterar i att vissa årstider 
har mycket höga halter kol och inte tillräckligt med kväve och fosfor, vilket kan 
störa det akvatiska ekosystemet. Med mer än tio års data kunde jag också visa 
att sambandet mellan oorganiska näringsämnen och vattenflöde förändrades, 

9. Populärvetenskaplig sammanfattning 
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vilket tyder på att nivåerna av näringsämnena kan förändras över tid. Jag 
undersökte dessa förändringar närmare, och fann att både oorganiskt kväve N 
och P, samt organiskt kol C och N, varierade under olika säsonger och att 
nivåerna av oorganiskt P och N minskade, oavsett omgivningens egenskaper. 
Minskningen av oorganiskt kväve är mest märkbar under växtsäsongen, vilket 
tyder på att växter och markmikrober tar hand om tillgängligt kväve. Och andra 
sidan minskade halterna oorganiskt P främst på senhösten och vintern, vilket 
tyder på betydande biogeokemiska förändringar även sker utanför växtsäsongen. 
Så när halterna av organiskt kol i vattnet ökar med tiden, blir vattendragen rikare 
på kol men fattigare på näringsämnen, särskilt under kritiska säsonger för 
vattenlevande organismer. Om dessa trender fortsätter kan balansen mellan 
vattenlevande liv i vattendrag och sjöar påverkas negativt. 

Slutligen, för att helt förstå hur C, N och P beter sig i nordliga vattendrag, 
behövde jag förstå hur mänskliga aktiviteter påverkar dessa näringsämnen. I 
boreala ekosystem är skogsbruk en viktig aktivitet som kan förändra C-, N- och 
P-nivåerna i vattendrag eftersom de är så utbredda. Därför studerade jag de 
skogsskötselmetoder som sannolikt har störst påverkan på vattenkvaliteten i 
Sverige. Detta inkluderade slutavverkning av helt skogsbestånd, följt av 
dikesrensning av gamla skogsdiken med syfte att förbättra potentialen att lyckas 
med återplanteringen av nya skogsplantor. I mitt arbete fann jag att avverkningen 
ledde till stigande grundvattennivåer och ökande halter av C, N och P i 
vattendragen. Efter att diken rensats sjönk grundvattnet tillbaka och halterna av 
organiskt C och N i vattendragen återgick till de flesta fall till liknande nivåer 
som innan, eller slutade att stiga i andra fall. Även om rensningen av diken 
bidrog till att minska skogsavverkningens påverkan på näringshalterna, hade 
avrinningsområdena med enbart avverkning, och de med avverkning samt 
rensade diken fortfarande högre export av både organisk och oorganisk näring 
än tidigare. Av den anledningen satte jag upp ett experiment för att se om 
användningen av biokolfilter kunde bidra till att minska påverkan på 
vattenkvaliteten. Jag fann att kolfilterna minskade N- och C-nivåerna, men inte 
P-halterna, i vatten som kommer från områden med avverkning. Reduktionen 
skedde dock endast när N- och C-nivåerna var tillräckligt höga. Slutligen fann 
jag att det kan var möjligt att återföra den näringsberikade biokolen till 
avrinningsområdena och på så sätt återföra näringen till marken och få framtida 
träd att växa bättre. 
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companionship, encouragement and support, it needs a tribe to get one of us 
to walk and fulfill the commitment. I was immensely lucky to have found 
the perfect tribe for my journey, Umeå, SLU and the FEM department has 
provided all that I needed, and for that, I am grateful.  

Only now, do I realized how a PhD supervisor plays such a crucial role 
in successfully finishing this bumped road. Fortunately, I had the best 
supervisors ever, with a perfect and unbelievable combination of knowledge, 
support and encouragement. Each of them brought something essential, 
unique and much needed in my PhD journey. I could not have asked for 
anything else, you all are a true inspiration and I am and will be deeply 
thankful to the three of you forever. Hjalmar, your student´s love for 
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realm of solidarity, kindness, companionship and caring. You make us feel 
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much from you! Thank you so much for making my PhD experience a ride 
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1. Introduction
Carbon (C), nitrogen (N), and phosphorus (P) are essential limiting resources for growth and reproduction of 
all organisms in freshwater ecosystems. Seasonal variation in the supply and stoichiometry of these elements 
thus influences a wide range of ecological and biogeochemical processes in streams, rivers, and lakes (Sardans 
et al., 2012). The intra- and inter-annual variability in C, N, and P supply across land-water boundaries is in 
turn regulated by the capacity of hydrological transport mechanisms to mobilize dissolved forms in the face 
of biotic and abiotic processes that mediate their uptake or removal in soils or groundwater (e.g., Gerber & 
Brookshire,  2014). Consequently, understanding the variability and controls over C, N, and P exports from 
diverse catchments is central to predicting the water-quality consequences of changing environmental conditions, 

Abstract Carbon (C), nitrogen (N), and phosphorus (P) export from catchments is strongly regulated by 
interactions between hydrological flowpaths and their terrestrial use/storage. While concentration-discharge 
(c-Q) relationships have been widely used to understand this interplay for C, N, and P individually, how flow 
regulates the relative supply of these resources across spatial and temporal scales is not well documented. Here, 
we analyze c-Q relationships from 12 years of data to test how seasonal flow regulates the concentrations of 
inorganic N (Dissolved inorganic nitrogen [DIN]) and P (Dissolved inorganic phosphorus [DIP]), dissolved 
organic N (DON) and C (dissolved organic carbon [DOC]) and their respective ratios across 12 streams in 
a boreal landscape. We observed opposing c-Q relationships between organic and inorganic solutes. DOC 
and DON tended toward transport limitation with little year-to-year change, whereas ammonium (NH4) and 
DIP were increasingly source limited over time. These different c-Q relationships translated into large (up to 
three-fold) shifts in resource ratios (e.g., DOC:DIN) in response to changes in flow. Our results also highlight 
strong influences of catchment structure on c-Q patterns, regardless of solute, season, and longer-term 
directional changes. Here, the organic solute c-Q responses became less transport limited over time; while 
inorganic solute responses became less source limited with increasing mire/decreasing forest cover. Overall, 
differences in timing of catchment exports for C, N, and P, create dynamic variation in solute concentrations in 
streams with subsequent impacts on resource stoichiometry that is central to aquatic ecological processes.

Plain Language Summary Carbon (C), Nitrogen (N), and Phosphorus (P) are essential elements in 
freshwater ecosystems. Too little, too much, or an imbalance of these elements in waters can influence a wide 
range of ecological processes in streams and lakes. The movement of these resources from a given source area 
to the stream is controlled by the ability of water to mobilize them from soils as it flows through catchments. 
By analyzing the relationship between concentrations of C, N, and P and stream flow in a boreal catchment, 
we found that more organic C and N is exported as stream flow increases, while inorganic N and P are diluted. 
These relationships are modified by catchment characteristics, where greater proportion of mire cover dilutes 
inorganic N and P, whereas greater forest cover increases organic C and N in streams as flow increases. These 
individual relationships with flow lead to dramatic changes in the ratios between organic C and inorganic N and 
P supplied to streams throughout the year. Given the projections for climate-driven changes in precipitation, 
understanding controls over C, N, and P delivery to freshwater ecosystems is key to predict ecological effects 
and develop potential management responses.
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including increases in anthropogenic nutrient loading (e.g., Wachholz et al., 2023), various land management 
activities (Shousha et al., 2021), and ongoing climate change (e.g., Teutschbein et al., 2017).

In northern boreal landscapes, there is increasing evidence that catchment exports of C, N, and P to lakes and 
streams are changing in response to multiple environmental drivers (Deininger et al., 2020; De Wit et al., 2020; 
Fork et al., 2020). For example, dissolved organic carbon (DOC) concentrations in surface waters have increased 
throughout northern Europe and North America, as a result of recovery from acid deposition (Clark et al., 2010; 
Evans et al., 2012; Monteith et al., 2007), but also from changes in climate and land use (Kritzberg et al., 2020). 
At the same time, inorganic N and P appear to be declining, reflecting a reduction in atmospheric deposition 
but also tightening of biogeochemical cycles on land in response to climate warming and elevated CO2 (Lucas 
et al., 2016; Mason et al., 2022) as well as emergent geochemical sinks (Huser & Rydin, 2005). Yet, despite 
progress toward understanding the mechanisms behind these longer-term trends, considerable uncertainty 
remains regarding short-term, hydrologically driven variation in the supply of these resources from soils and 
groundwater, which ultimately determines whether seasonal inputs of energy and nutrients align with biological 
demand in streams, rivers, and lakes.

Assessment of concentration-discharge (c-Q) relationships has emerged as a widely used approach to under-
stand the interplay between catchment hydrology and biogeochemistry (Godsey et al., 2009). c-Q analysis yields 
classes of behaviors that describe whether solute concentrations in streams remain the same (i.e., are constant) 
or change as discharge increases (Moatar et al., 2017; Musolff et al., 2015). These behaviors reflect, in part, how 
different solutes are stored vertically in the subsurface, and thus whether rising water tables intersect soil strata 
with a greater, lesser, or equal capacity to mobilize a given solute, leading to increases, decreases, or no change 
in stream concentrations (Gómez-Gener et al., 2021; Stewart et al., 2022). While many studies have applied this 
framework to understand the dynamics of individual solutes, it may also be an effective tool for thinking about 
the stoichiometry of energy and nutrient supply (i.e., C:N:P) from catchments to streams (Gao et al., 2021). For 
example, pairs of resources that likely share similar storage patterns on land (e.g., organic C and N) should have 
a relatively constant supply ratio in response to changes in flow. By contrast, if resource pairs have opposing 
patterns of subsurface storage and/or production in the catchment, then the emergent ratio of supply is likely 
to be highly dynamic as discharge increases. In this way, the relative supply of elements that form the resource 
base of aquatic ecosystems at any one time could reflect the outcome of solute-specific patterns in hydrological 
mobilization that give rise to unique c-Q and thus ratio-Q relationships.

Given that c-Q relationships reflect how solutes are stored and mobilized on land, it is not surprising that the 
resulting metrics are also sensitive to the details of catchment structure, as well as to the temporal scales of assess-
ment. For example, across northern boreal landscapes, we know that differences in forest, wetland, and lake cover 
can determine whether stream DOC is constant or dynamic with changes in flow, based on how these different 
patches store carbon and/or convey water (Ducharme et al., 2021; Fork et al., 2020; Laudon et al., 2011). By 
comparison, we know less about how the same factors influence c-Q relationships for different forms of N and P 
in these remote landscapes. For example, for inorganic N, strong demand by N-limited boreal forests should drive 
source limitation for ammonium (NH4) and nitrate (NO3) (e.g., Basu et al., 2010), but the potential for inorganic 
N production in organic-rich riparian soils might disconnect stream signals from the surrounding landscape 
(Blackburn et al., 2017). We know even less about ratio-Q relationships in northern boreal settings, but assuming 
that organic solutes are at least constant, if not transport limited (Thomas et al., 2016), and that inorganic solutes 
are potentially source limited (Bieroza et al., 2018), increases in discharge should be linked to periods of greater 
energy versus nutrient supply to aquatic systems. Finally, while most studies explore c-Q relationships at annual 
time scales, these relationships may also vary across seasons (Duncan et al., 2017; Gómez-Gener et al., 2021), 
or even across years in the response to changes in solute storage in the subsurface (Fork et al., 2020). In northern 
landscapes, seasonality may be pronounced given the powerful influence of the spring snowmelt followed by 
a rapid upregulation of biotic activity during the short, intense growing season. At even longer-time scales, it 
is unclear whether documented declines in inorganic nutrient concentrations (e.g., Mosquera et al., 2022) also 
correspond to changes in c-Q or ratio-Q relationships.

In this study, we ask (a) how the dynamics of C, N, and P supply to a boreal stream network are regulated by 
hydrology, (b) how catchment characteristics influence this supply, and (c) how c-Q and ratio-Q relationships 
vary at seasonal, annual, and decadal time scales. To answer these questions, we analyzed long-term water quality 
and discharge records (2008–2019) for 12 streams within the Krycklan Catchment Study (KCS) located in boreal 
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Sweden (Laudon et al., 2021). Specifically, we used different thresholds and metrics based on the c-Q and ratio-Q 
relationships to test whether DOC and organic and inorganic nutrients (NO3, NH4, DON, and PO4), as well as 
key ratios (DOC:DON, DOC:DIN, DOC:PO4, and DIN:PO4) show contrasting responses due to differences in 
subsurface sources and dominating flow paths across sub-catchments and over the time-period. We then used 
regression approaches to explore how landscape characteristics such as topography, surficial geology, land use, 
and catchment size act as controls over these relationships.

2. Methods
2.1. Study Site

We conducted this study in the KCS, which has continuous hydrological measurements dating back to the early 
1980s. The 68 km 2 KCS, is located in the boreal zone of northern Sweden (64°14′N, 19°46′E), approximately 
60 km from the Baltic Sea coast and is composed of 14 monitored sub-catchments (Figure S1 in Supporting 
Information S1) ranging in size from 0.12 to over 19 km 2 (see Laudon et al. (2021, 2021)). Briefly, forest covers 
87% of the KCS and is dominated by Scots Pine (Pinus sylvestris, 63% cover) found mostly on the dry uplands, 
Norway Spruce (Picea abies, 26%) in wetter low-lying areas, and relatively low cover of deciduous trees (∼10%), 
primarily birch (Betula spp.). Sub-catchments range from 100% forest cover to up to 44% of open peatlands, with 
two monitoring stations located in outlets of a Sphagnum-dominated mire (acid, oligotrophic, and minerogenic 
mire; C4), and a small humic lake (C5) (Table S1 in Supporting Information S1). This landscape is underlain by 
quaternary deposits dominated by till soils (51%), that vary in thickness from a few centimeters to tens of meters, 
and sorted sediments (30%) (Laudon et al., 2021).

Mean annual air temperature at the KCS is 2.1°C (30 years mean, 1986–2015) with the highest mean monthly 
temperature in July and the lowest in January (+14.6 and −8.6°C, respectively; Kozii et al., 2020). The study site 
receives around 614 mm yr −1 of precipitation, which generates approximately 311 mm yr −1 of runoff. 35%–50% 
of this precipitation arrives as snow (Laudon et al., 2013), which maintains snow cover on average for 167 days, 
typically from late October to early May, but this duration has been declining at a rate of ∼0.5 days yr −1 since 
1980 (Laudon & Löfvenius, 2016). The hydrologic regime is characterized by high flow during the spring snow-
melt (April–May), which accounts for 40%–60% of annual discharge and represents the largest single hydro-
logical event of the year. In addition, hydrologic inputs to KSC streams are dominated by shallow groundwater 
flowpaths (Bishop et al., 2004), although this can vary across the channel network. More specifically, in smaller 
sub-catchments, lateral subsurface flowpaths contribute ∼80% of stream baseflow due to a compact layer of 
basal till with substantially lower hydraulic conductivity (Jutebring Sterte et  al.,  2021). By comparison, for 
sub-catchments larger than 10 km 2 (i.e., C15 and the KCS outlet C16), deeper groundwater sources can contrib-
ute 70%–80% of surface water during baseflow periods (Peralta-Tapia et al., 2015).

This region is also subject multiple environmental changes (Laudon et al., 2021). Most importantly, mean annual 
temperature has increased by 2.5°C over the last 40 years, with the largest changes in the autumn and winter 
months. For the period of our study (2008–2020), mean annual temperature has a positive Sen slope of 0.02°C 
yr −1 (p < 0.05). Total annual average precipitation does not show significant trend over the last 40 years, and for 
our study period there is no evidence of directional changes in annual discharge (Mosquera et al., 2022). However, 
an extreme drought in the summer of 2018, which was considered the most severe in the last 250 years (Schuldt 
et al., 2020), had major transient consequences on stream chemistry (Tiwari et al., 2022). Finally, while inorganic 
N deposition at the KCS has been low historically, these rates have dropped from ca. 2.5 to 1.0 kg N ha y −1 
between 1990 and 2020 (Laudon et al., 2021).

2.2. Data Collection and Analytical Methods

We compiled a combination of hydrological and biogeochemical data from 12 streams of the KCS regular moni-
toring program for the period of 2008–2019. Stream water levels were continuously measured using automatic 
stage loggers at all sites and discharge was estimated using site-specific rating curves. Rating curves were created 
from salt dilution velocity-area, and time-volume flow measurements covering most of the observed flow range 
(Karlsen et al., 2016a). Year round flow measurements were possible for six gauging stations in heated houses 
and discharge during winter periods for locations without frost-free gauging station was modeled according 
to established flow relationships (see Karlsen et al.  (2016b) for further details on hydrological measurements 
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in the KCS). For the same period and streams, data for DOC, total dissolved nitrogen (TDN), nitrate (𝐴𝐴 NO3
− ), 

ammonium (NH4), and phosphate or soluble reactive phosphorus (PO4) was compiled, ranging from 262 to 311 
observations per stream. For two of these 12 streams (C14 and C15), the monitoring program stopped in 2012, 
and thus included data from fewer years, or 144 and 133 observations, respectively (see Figure S2 in Supporting 
Information S1 for ranges of solute concentrations and discharge). The sampling regime is flow weighted, with 
more frequent sampling during spring flood (as frequently as twice per week), every 2 week sampling during the 
terrestrial growing season, and once per month sampling during winter base-flow.

All samples were collected in acid-washed high-density polyethylene bottles, stored in cold conditions and filtered 
(0.45 μm) in the lab within 24–72 hr. Filtered subsamples were frozen (−20°C) immediately after subsampling 
and stored for later analysis of NO3-N, NH4-N, and PO4-P, samples for DOC and TDN were refrigerated (+4°C) 
and analyzed within 10 days after field collection. The analytical methods for DOC, TDN, 𝐴𝐴 NO

−

3
 , and NH4 + have 

been described in detail by Blackburn et al. (2017). Dissolved inorganic nitrogen (DIN) was calculated as the 
sum of NO3 (including nitrite) and NH4, while dissolved organic nitrogen (DON) was calculated as the difference 
between TDN and DIN. Dissolved inorganic phosphorus was analyzed as PO4 on a Seal Analytical Autoanalyzer 
3 HR using method G-297-03.

2.3. Data Analysis and Statistical Methods

We evaluated relationships between PO4, NO3, NH4, DON, and DOC concentration and discharge (c-Q) on a 
yearly and seasonal basis by calculating the slope (β) of the log c-log specific Q using ordinary least squares 
(OLS) fit (Zimmer et al., 2019) and the ratio of the coefficients of variation between concentration and discharge 
(CVc/CVq) (Musolff et al., 2015). Hereafter, we refer to log c-log specific Q OLS as the “c-Q relationship” and 
CVc/CVq as the “c-Q ratio.” The (log)c-(log)Q relationships was calculated as follows:

𝐶𝐶 = 𝑎𝑎𝑎𝑎
𝛽𝛽 

where C is concentration, a is a coefficient with units of concentration, Q is discharge, and β is a unit-less expo-
nent representing the slope of the log-transformed c-Q relationship. Furthermore, the coefficient of variation is 
the standard deviation σ of a variable normalized by its mean μ (Thompson et al., 2011). The metric is the ratio 
as follows:

CV𝑐𝑐

CV𝑄𝑄

=

𝜇𝜇𝑄𝑄

𝜇𝜇𝑐𝑐

𝜎𝜎𝑐𝑐

𝜎𝜎𝑄𝑄

 

We classified c-Q relationships based on three responses from the slope (β) of the log c-log specific Q regression: 
(a) “up,” classified as transport-limited (β is positive), (b) “down,” classified as source-limited (β is negative), and 
(c) “flat,” classified as constant (β ≈ 0, Ducharme et al., 2021; Moatar et al., 2017; Musolff et al., 2017). Positive 
slopes (β > 0) occur when solute concentrations increase with discharge and this is described as transport-limited 
because delivery to the stream is dependent on the capacity of the catchment to move a solute and not by the avail-
ability or production of the solute. Negative slopes (β < 0) indicate a dilution of stream solute concentrations with 
increasing flow, and are described as source-limited because delivery to the stream is determined by the solute 
abundance rather than the ability of the catchment to transport them (Ducharme et al., 2021; Moatar et al., 2017; 
Zimmer et al., 2019). Finally, constant behavior indicates that changes in hydrological connectivity and flow-
path do not affect the solute concentration in the stream and this is often attributed to homogenous and uniform 
distribution of elements in the catchment. Note that others have described this last pattern as “chemostatic” (e.g., 
Godsey et al., 2009), even in recent KCS studies (e.g., Fork et al., 2020; Gómez-Gener et al., 2021), but here we 
adopt newer terminology from Musolff et al. (2017) and use chemostatic to represent the export regimes rather 
than c-Q patterns (see below).

We considered the parameter β to be approximately 0, when β and r 2 values were low and the slope of the c-Q line 
was not significant (p > 0.05) (Ducharme et al., 2021). As an alternative to a classification based on fixed ranges 
(i.e., β > 0.2 or β < −0.2, Zimmer et al., 2019), we resolved c-Q behaviors based on significant differences in the 
slope β from zero (t-test, 95% confidence level) (Ebeling et al., 2021). Similarly, we defined a dilution response 
as β less than 0 and enrichment response as β above 0, but only when the relationship was significant (p < 0.05) 
and the r 2 was high (Zimmer et al., 2019). We further defined weak responses when c-Q relationship was signif-
icant (p < 0.05) but the r 2 was low (Bieroza et al., 2018; Ducharme et al., 2021). Finally, we used the ratio of the 
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coefficients of variation between concentration and discharge (CVC/CVQ) to characterize whether export regimes 
are chemostatic or chemodynamic. Following Musolff et al. (2017), chemodynamic refers to solutes that vary 
strongly and independently from discharge (CVC/CVQ > 0.5), whereas chemostasis refers to situations where 
solute concentrations are less variable than discharge (CVC/CVQ < 0.5).

To explore how the relationship between DOC:DON, DOC:DIN, DOC:PO4, and DIN:PO4 stoichiometric ratios 
change with discharge (ratio-Q) we applied the same approach as the c-Q relationships (log ratio—log specific Q) 
(Gao et al., 2021), with calculated molar ratios. In this case, a positive/negative slope would indicate an increase/
decrease of a ratio with an increase in discharge and this should occur whenever the two solutes in question have 
distinct flow responses. In contrast, constant response would indicate that a ratio does not change in response to 
flow because both solute change similarly with flow. We excluded left censored values (below detection limit) 
due to the low proportion of non-detects (USEPA, 2000), being <5% for PO4, <2% for NH4, and less <1% for 
NO3. This small proportion of non-detects in our database is influenced by the low detection limits of the analyt-
ical method (0.4, 0.3, and 0.4 μg/L, respectively).

To test the controls over the organic and inorganic c-Q relationships, we first conducted a principal component 
analysis (PCA) of sub-catchment characteristics using the “vegan” package in R (Oksanen et  al., 2019) with 
standardized parameters. The sub-catchment characteristics used in the PCA (Table S1 in Supporting Informa-
tion S1) include those reported in Laudon et al. (2013), but also ditch density (km km 2) for each sub-catchment 
(Hasselquist et al., 2018). To assess the correlation between integrated catchment characteristics, specifically 
focusing in large-scale, landscape factors like mire versus forest cover (i.e., PC2 scores) and β for each stream, 
we used ordinary least-squared analysis (lm) with step procedure in R. Further, to assess monotonic trends in 
the annual β we performed a non-parametric Mann-Kendall test using the “rkt” package in R (Marchetto, 2017). 
Finally, to capture and illustrate the general nutrient concentration seasonal variability, a locally weighted scat-
terplot smoothing (loess) fitting curve was applied using the “ggplot” package in R (Wickham, 2016). Note that 
seasons were defined on the basis of local air temperature measured at the center of the KCS using World Meteor-
ological Organization standards (Laudon et al., 2013). Accordingly, spring begins when average air temperature 
reaches above 0°C for five consecutive days and the maximum temperature is still below 20°C. Summer begins 
when the 5-day mean temperature rises above 10°C for 10 consecutive days. Autumn begins when the mean daily 
temperature fell below 10°C and the minimum temperature is below 0°C, and winter starts when daily mean 
temperature is below 0°C for five consecutive days. Finally, all the graphics of this study were produced using  the 
R package “ggplot2” (Wickham, 2016). All statistical analyses, as well as graphics were conducted using the 
freely available software R (R Core Team, 2022).

3. Results
3.1. Intra-Annual Variation of Carbon and Nutrients Concentration and Ratios in Streams

Seasonal variability in stream concentrations were distinct between organic and inorganic solutes, but were none-
theless in phase across most streams (cf. “seasonal maximum and minimum” in Figures 1 and 2). DOC and DON 
concentrations tended to first peak during spring flood, between Julian days 100–130, and then again, reaching 
maximum values between days 220 (i.e., end of summer) and 270 (i.e., start of autumn). DOC and DON gener-
ally reached minimum values during winter, between days 20–90. For DON, annual minima were also observed 
in early spring (i.e., days 100–120) for some years and streams. Here, the stream draining the mire (C4) was an 
exception, with minimum DOC and DON concentrations observed during spring flood, between Julian days 
110–135. By comparison, inorganic nutrients (PO4, NH4, and NO3) typically reached annual maximum concen-
trations during winter, between days 20–100. For PO4, the stream draining the mire (C4) was again an exception, 
with maximum values observed during summer, between days 170–240. Similarly, for NH4, streams draining the 
mire (C4) and the lake (C5) reached maximum values either in late spring or in summer, respectively. Finally, 
PO4 and NH4 reached minimum values for all streams during spring, between days 110 and 160, whereas NO3 
concentrations were lowest from late spring (day 160) into summer (day 190); for some streams and years, low 
NO3 concentrations were observed until mid-autumn (day 270).

These distinct seasonal patterns in concentrations underpinned strong seasonality in key resource ratios (Figure 2). 
For example, DOC:DIN ratios on average almost doubled from the lowest in winter to autumn, increasing from 
spring flood, throughout the summer, and peaking during autumn (Figure 2a). By comparison, DOC:PO4 was 
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greatest following the spring flood, moderate throughout summer and autumn, and then dropped considera-
bly during winter (Figure 2b). Again, the stream draining the mire (C4) was the exception for DOC:DIN and 
DOC:PO4 seasonality, in that both ratios decreased during summer and peaked during autumn and early winter, 
respectively. The DIN:PO4 ratio showed weaker seasonal patterns across catchments, but generally fell to the 
lowest levels during summer and autumn (on average ratios of 2.5 and 2.3, respectively, Figure 2c). Here, the 
KCS outlet (C16) was an exception, as the DIN:PO4 ratio increased during early autumn reaching the highest ratio 
during winter. Finally, the ratio between organic C and N (DOC:DON) was remarkably constant throughout the 
year with only a small decrease in early summer (Figure 2d).

3.2. Inter-Annual Concentration/Ratios Versus Discharge Relationships and the Influence of Catchment 
Characteristics

Inter-annual c-Q relationships for organic C and N and inorganic P and N across catchments also showed oppos-
ing regimes (Figure 3a). The overall c-Q slopes for DOC and DON were significant and moderately positive 
(p < 0.0001; β = +0.09 and +0.08, respectively). For DOC, 58% of annual c-Q relationships across all streams 
and for each year indicated weak transport limitation, whereas 35% suggested a constant response; for DON, 
observations of constant response (47%) and weak transport limitation (46%) were essentially equal in frequency. 
By comparison, inter-annual slopes for PO4 and NH4 were characteristic of weak source limitation (p < 0.0001 
and β = −0.19 and −0.13, respectively) while NO3 had generally constant behavior (p > 0.05 and β = 0.01). 
More specifically, for PO4, source limitation was observed for 67% of sites and years, whereas constant responses 
occurred 25% of the time. For NH4, 39% of occurrences were classified as source limited and 28% as constant. 
Finally, for NO3, constant responses occurred most of the time (68%). Furthermore, all solutes showed lower 
variability in C than in Q, such that the predominant solute export regime across this network was chemostatic 
(CVc/CVq < 0.5). Specifically, for DOC and DON, 99% and 96% of observations were chemostatic, respectively, 
while these values were slightly lower for PO4 (88%), NH4 (81%), and NO3 (78%).

Figure 1. Intra-annual variability of organic and inorganic nutrients for the period 2008–2020 shown with locally weighted scatterplot smoothing (loess). (a) 
Phosphorus (P-PO4), (b) ammonium (N-NH4), (c) nitrate (N-NO3), (d) dissolved organic nitrogen, (e) dissolved organic carbon, and (f) specific discharge for 12 
headwater streams in the Krycklan Catchment Study. Colored circles represent each observation for each stream, dashed lines represent loess trend per stream, black 
line represent the overall temporal variability with ±SE shaded in gray. Background colors delimitates average seasons.

 21698961, 2023, 8, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JG

007179 by Sw
edish U

niversity O
f A

gricultural Sciences, W
iley O

nline L
ibrary on [08/08/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Journal of Geophysical Research: Biogeosciences

MOSQUERA ET AL.

10.1029/2022JG007179

7 of 18

The average slopes incorporated considerable variability in c-Q behavior across the 12 sub-catchments (Figure 3a, 
Tables S2 and S3 in Supporting Information S1). For example, DON and DOC showed generally similar regimes 
across sites and years, with average slopes ranging from −0.15 (p < 0.05, non-zero β) to +0.34 (p < 0.05) for 
DON and from −0.14 (p < 0.05) to +0.33 (p < 0.05) for DOC. For both solutes, the lake outlet (C5) showed 
the weakest and the catchment outlet (C16) the strongest degree of transport limitation (Table S3 in Supporting 
Information S1). Only the stream draining the mire (C4) showed persistent source limitation (−0.14 and −0.15 
for DOC and DON, respectively). By comparison, this variation across streams was greater for PO4, with c-Q 
slopes ranging from −0.45 (p < 0.05) to +0.07 (p < 0.05), similar to NH4, which ranged from −0.47 (p < 0.05) to 
+0.10 (p < 0.05). For both solutes, the mire outlet (C4) showed the strongest source limitation, whereas the KCS 
catchment outlet (C16) the most constant behavior (Table S2 in Supporting Information S1). Finally, although 
the general c-Q relationship for NO3 was constant, site C10 and C1 showed weak source and transport limitation, 
ranging on average from −0.3 (p > 0.05) to +0.16, respectively.

Inter-annual ratio-Q relationships also varied among resource combinations and for some sites (Figure 3b, Table 
S4 in Supporting Information S1). For example, DOC:DON, was relatively invariant with discharge across most 
catchments, (p < 0.05 and β = 0.0). By comparison, DOC:PO4 ratios increased with discharge (p < 0.05 and 
β  =  +0.25) in all sub-catchments, whereas DOC:DIN and DIN:PO4 showed a weak increase with discharge 
(p < 0.05 and β = +0.11 and +0.16, respectively). However, DOC:DIN ratios for the forested catchments (C1 
and C2) and DIN:PO4 ratios for the lake outlet (C5) and the KCS catchment outlet (C16) were primarily constant.

Figure 2. Intra-annual variability of nutrient ratios for the period 2008–2020 shown with locally weighted scatterplot 
smoothing (loess). (a) dissolved organic carbon (DOC):dissolved organic nitrogen, (b) DOC:Dissolved inorganic nitrogen 
(DIN), (c) DOC:PO4, and (d) DIN:PO4 for 12 headwater streams in the Krycklan Catchment Study. Colored circles represent 
individual observations for each stream, dashed lines represent loess trend per stream, and the black line represents the overall 
temporal variability with ±SE shaded in gray. Background colors delimitates average seasons.
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To evaluate the effect of catchment characteristics (Table S1 in Supporting Information S1) on the average annual 
c-Q slopes, we used regression to relate the slopes for each site to catchment structure represented by a PCA 
(Figure 4). PCA metrics explained 38% of the variation on axis 1% and 28% of the variation on axis 2 (Figure 4c). 
PCA1 largely represents variation tree volume (m 3 ha −1); stand age (year), ditch density (km km 2) and quaternary 
deposits made up of till (%), whereas PCA2 was associated with large-scale, landscape factors like mire versus 
forest cover. We did not observe a correlation between any solute c-Q slope and PCA1 (p > 0.05, Figure S3 in 
Supporting Information S1), nor was NO3 correlated with any integrated catchment characteristic (Figure 4f). 
However, DON, DOC, PO4, and NH4 were all positively correlated (p  <  0.05) with PCA2 (Figures  4a, 4b, 
4d, and 4e, respectively). In this case, the organic solute c-Q responses became less constant, while inorganic 
solute responses became more constant along this axis of catchment properties. Specifically, for DOC and DON, 
c-Q slopes from sub-catchments with less mire cover, more sorted sediment, larger area and longer channel 
lengths, indicated transport limitation (i.e., positive β in Figures 4a and 4b, respectively). For PO4 and NH4, these 
same sub-catchments had a constant response. In contrast, for PO4 and NH4, sub-catchments with more mire 
cover, smaller area and shorter river lengths, showed a source limited behavior (i.e., negative β in Figures 4d 
and 4e, respectively), while for DOC and DON these same sub-catchments had a constant response. Finally, 
unlike the analyses with individual solutes, we did not observe any relationship between catchment characteristics 
and ratio-Q relationships (p > 0.05) for any of the ratios analyzed (i.e., DOC:DON, DOC:DIN, DOC:PO4, and 
DIN:PO4). Yet, for DOC:DIN ratio-Q slopes, we did find that the forested catchments (C1 and C2) had a constant 
response while these ratios for the mire (C4) and lake (C5) outlet increased with discharge.

3.3. Seasonal Variability in c-Q Relationships

Within seasons, we observed a broader set of hydrological responses for the dynamic solutes, especially for the 
inorganic nutrients (Figure 5), when compared to annual assessments. Specifically, DOC and DON showed only 
subtle variation in the average c-Q behavior between seasons, including a shift between weak transport limitation 
to a constant pattern during spring (p > 0.05, β = 0.06). Across sub-catchments (Tables S2 and S3 in Supporting 
Information S1), we observed constant behavior during spring in 50% of the sites for DON but only on 25% 

Figure 3. Slope of the linear regression relationship (β) of concentration and ratio versus the coefficient of variation (CV) of concentration divided by the CV of 
discharge. (a) Slope of the linear log(concentration)-log(discharge) relationships (β) of PO4, NH4, NO3, dissolved organic nitrogen (DON), and dissolved organic carbon 
(DOC) and (b) slope of the linear log(ratio)-log(discharge) relationships (β) of DON:DON, DOC:Dissolved inorganic nitrogen (DIN), DOC:PO4, and DIN:PO4. Points 
are colored by (a) solute or (b) ratio and show c-Q relationships for each site and year. Hollow points represent non-significant c-Q or ratio-Q relationships (p > 0.05). 
The larger points represent the median for each group. Error bars represent the interquartile range.
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of sites for DOC. For both solutes, the majority of sub-catchments showed weak-to-strong transport limitation 
during winter, summer, and autumn (83%, 100%, and 92%, respectively for DON, and 92%, 100%, and 92% 
respectively for DOC). For PO4, the majority (73%) of sub-catchments showed source limitation during summer; 
however, for autumn and spring the percentage was lower (45% and 50%, respectively) and concentrations were 
often constant in winter. For NH4, the majority (82%) of sub-catchments showed source limitation during winter, 
while for spring and summer this was only 45%, with the remainder showing constant behavior. For NO3, during 
summer and autumn, the majority of sub-catchments showed a constant behavior (75% and 58%, respectively), 
but both transport and source limitation were observed during winter. Analysis of these seasonal c-Q relation-
ships with land cover suggest that such relationships change throughout the year, particularly for inorganic solutes 
(Figure S4 in Supporting Information S1). Specifically, for PO4, summer and autumn c-Q slopes are not statis-
tically correlated (p > 0.05) with any integrated catchment characteristics, neither were the c-Q slopes for NH4 
during winter. Conversely, all seasonal c-Q slopes of DON and DOC were correlated with PCA2, being stronger 
during spring and weaker during summer (Figure S4 in Supporting Information S1). Finally, and in contrast to 
our inter-annual assessment above, export regimes for inorganic nutrient were more commonly chemodynamic 
(CVc/CVq > 0.5) when assessed as at the seasonal scale, particularly so for NH4, but also for PO4 and NO3 during 
spring.

3.4. Trends in c-Q Relationships Over Time

c-Q slopes in the KCS have tended to become more source limited over time for inorganic solutes (i.e., PO4 
and NH4). Mann Kendall trend analysis showed a negative Sen slope for c-Q slopes in 11 out of 12 streams for 
NH4 and 10 out of 12 streams for PO4; however this trend was not statistically significant (p > 0.05) for most 
streams (Table S5 in Supporting Information S1), largely due to a change in solute dynamics after 2017. As an 
example, for the forest-dominated headwaters (C2 and C1), the PO4 and NH4 (Figures S5a and S5c in Supporting 

Figure 4. Relationship between principal component analysis (PCA) scores of catchment characteristics and c-Q relationships (β); streams with significant β (p < 0.05) 
are shown in black circles, non-significant (p > 0.05) in light gray, (overall inter-annual ±1 SE β for a given stream). Linear regression of PCA2 versus (a) dissolved 
organic carbon β, (b) dissolved organic nitrogen β, (d) PO4 β,(e) NH4 β, and (f) NO3 β and (c) PCA of catchment characteristics for Krycklan Catchment Study. In panel 
(b–e), red dotted line is the significant linear regression with ±1 SE (in light red). The numbers shown are the ID for each stream; the full description of catchment 
characteristics is given in Table S1 in Supporting Information S1.
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Information S1) annual c-Q relationship slope changed from constant (−0.01 and +0.06, p > 0.05, respectively) 
to source limited (−0.22 and −0.38, p < 0.05, respectively) over time, but returned to a more constant state 
during and after the 2018 drought (−0.05 and −0.16, p < 0.05, respectively). The mire-dominated headwater 
(C4) showed the same trend for PO4 and NH4, with increasing source limitation over time (−0.17 to −0.76, 
p < 0.05 and −0.32 to −0.6, p < 0.05, respectively), until these slopes changed in 2018 (−0.34 to −0.54, p < 0.05, 
respectively) (Figures S5b and S5d in Supporting Information S1). Together, the percentage of sub-catchments 
in the KCS showing different c-Q behaviors also changed over time (Figure 6). For example, for PO4, only 20% 
of the sub-catchments showed source limitation at the start of the record, but this reached 92% by 2016 and was 
66% by the end of the period. Likewise, for NH4, only 10% of the sub-catchments showed source limitation at 
the start of the period; by 2016 this reached 75%, and by the end of the period, 58% of sites had negative c-Q 
slopes. Despite  these changes over time, both for PO4 and NH4, the relationship between c-Q slopes and catch-
ment characteristics remained qualitatively unchanged and significant (p < 0.05) across all years, except for 2009 
and 2016–2017 for PO4 and NH4, respectively (Figure S6 in Supporting Information S1). Only the intercepts of 
these regression lines showed variance over time, decreasing as a result of overall, longer-term declines nutrient 
concentrations across this landscape.

In contrast to NH4 and PO4, changes in the c-Q slope over time for NO3 were not as widespread, with signifi-
cant trends (p < 0.05) in only three of 12 streams (Table S5 in Supporting Information S1). Specifically, two 
mire-dominated catchments (C4 and C10) and the outlet of the lake (C5), shifted between transport limitation in 
2008 to source limitation by the end of the period (p < 0.05). Similarly, DOC and DON showed no trends in the 
slopes of c-Q relationships during this time-period at most streams, the only exception being the lake outlet (C5) 

Figure 5. Slope of the linear log(concentration)-log(discharge) relationships (β) versus the coefficient of variation for (a) dissolved organic carbon, (b) dissolved 
organic nitrogen, (c)PO4, (d) NH4, and (e) NO3 for winter, spring, summer, and autumn. Points are colored by season and show c-Q relationships for each stream. 
Hollow points represent non-significant c-Q relationships (p > 0.05). The larger points represent the median for each group and their error bars represent the 
interquartile range. The horizontal black hashed line shows the limit between positive and negative β, while the vertical line shows the limit to independence of solute 
export to flow. Note that the scales for the y-axes show different magnitudes of slopes.
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that showed a positive trend (Table S5 in Supporting Information S1). Similarly, the percentage of sub-catchments 
categorized by different c-Q relationship regimes did not shift over time for DOC and DON (Figure 6). Finally, 
DOC:DON and DIN:PO4 ratios did not show any decadal-scale trends in the slopes of ratio-Q relationships for 
any streams during this time period. Intra-annual patterns in the relationship between discharge and DOC:DIN 
and DOC:PO4 were generally subtle and similar across sub-catchments, except for C4 (mire outlet) and C5 (lake 
outlet), which changed from a constant response to positive relationships by the end of the period. This same 
change for DOC:PO4 was also observed for the catchment outlet (C16).

4. Discussion
Understanding the nature of hydrological controls over C, N, and P export in northern boreal landscapes is critical 
for projecting nutrient losses from catchments to receiving waters in the face of environmental change. Here, we 
classified c-Q relationships from low-frequency concentration data to provide insight into organic and inorganic 
resource supply to streams with different catchment characteristics but limited direct anthropogenic influences. 
At inter-annual time scales, export regimes across the KCS were predominately chemostatic for all solutes, yet 

Figure 6. Percentage of sub-catchments c-Q archetypes for the following solutes: (a) PO4 and (b) NH4 responses across the study period (2008–2018). Constant pattern 
is presented in blue, transport limited (positive slope) in yellow, weak transport limited (positive slope with low r 2) in dotted yellow, source limited (negative slope) in 
pink and weak source limited (negative slope with low r 2) in dotted pink.
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c-Q relationships were often opposing: organic C and N tended toward transport limitation, whereas inorganic P 
and N were more often source limited. Further, for nearly all solutes considered, variability in c-Q relationships 
across streams could be predicted from relatively simple catchment properties (Figure 4). Yet, at seasonal time 
scales, we observed an even broader set of hydrological responses for the non-constant solutes, and c-Q relation-
ships for inorganic nutrients over time suggest that source limitation is intensifying as a result of oligotrophica-
tion during this period of record (Mosquera et al., 2022). Collectively, shifts in the timing of catchment exports, 
together with distinct c-Q relationships for C, N, and P, create dynamic temporal variation in the stoichiometry 
of these resources in streams, which may in turn influence a range of ecological and biogeochemical processes 
(Elser et al., 2007; Francoeur, 2001; Peñuelas et al., 2012).

4.1. Inter-Annual c-Q Dynamics for Individual Solutes

Consistent with the idea that organic and inorganic solutes have distinct vertical patterns of storage in the soils 
and groundwater (Stewart et al., 2022), organic and inorganic nutrients were differently mobilized by increases in 
discharge, showing opposing annual c-Q relationships at most streams. Specifically, DON and DOC in streams 
were often enriched at high flows, ostensibly because their concentrations and the degree of soil hydrological 
conductivity are highest near the soil surface where soil organic matter storage is greatest (Bishop et al., 2004). 
Thus, the activation of these strata with increasing discharge mobilizes large amounts of dissolved organic mate-
rial (Ledesma et al., 2018). By contrast, NH4 and PO4 are unlikely to accumulate in surficial, organic soils, where 
both microbial and plant demand are highest. Instead, these solutes are more likely to increase in concentration 
with depth: for PO4 as a consequence of proximity to mineral P sources (Ebeling et al., 2021) and for NH4 as a 
consequence of low redox conditions in riparian soils and groundwater that constrain nitrification and promote 
accumulation of reduced N (Blackburn et al., 2017). Regardless of the mechanism, and as may be expected for 
a nutrient-poor landscape (Thompson et al., 2011), mobilization of inorganic N and P from biologically active 
surface soils typically cannot keep pace with hydrologic flushing as water tables rise, leading to dilution of 
these solutes in streams. Of course, dilution of inorganic N and P is not universal, and many studies show trans-
port limitation of these elements, particularly in agricultural landscapes (e.g., Moatar et al., 2017), but also in 
less-pristine forested landscapes where anthropogenic inputs create larger and mobilizable pools in surface soils 
(Rose et al., 2018). Yet, for much of the global north, rates of external nutrient inputs to forests are low (e.g., 
Gundale et al., 2011), and thus the opposing controls over organic versus inorganic solute supply reported here 
are likely widespread.

Compared to other solutes, stream NO3 dynamics for most sites and years were unique in showing little to no rela-
tionship with hydrology (β = 0). This lack of clear pattern could be attributed to low NO3 concentrations through-
out the subsurface vertical profile (Blackburn et al., 2017), to discrete groundwater inputs that support low but 
constant NO3 supplies to the stream, and/or to rapid nitrification of NH4 either when dry surface soils become 
rewetted (Thomas et al., 2016) or when anoxic groundwater reach oxic surface waters (Lupon et al., 2020). In 
this sense, we know that organic-rich soils and sediments at the riparian-hyporheic-stream interface can act as 
NH4 sources to boreal headwaters (Blackburn et al., 2017). During elevated flows, nitrification of this pool could 
maintain NO3 supply while at the same time diluting NH4, thus shaping the different c-Q relationships between 
these two N forms (Lupon et al., 2020; Thomas et al., 2016). Whatever the mechanisms, the observed constant 
pattern for NO3 suggests that near-stream processes regulate the supply of a key inorganic N form in ways that 
deviate from what would be expected for a landscape dominated by N limited vegetation, which should promote 
source limitation in streams (Thompson et al., 2011).

Sites with particularly strong influence from upstream mires stood out in our analyses of c-Q relationships for 
most solutes. In particular, inter-annual c-Q patterns for inorganic (i.e., PO4 and NH4) and organic (i.e., DOC and 
DON) solutes at the mire outlet (C4) were remarkably persistent across years and are uniquely source limited 
relative to other KCS sites. For DOC and DON, these observations are consistent with mechanisms suggested by 
Laudon et al. (2011), where dilution during spring flood results from the substantial contribution of direct snow-
melt flow running atop surficial ice in the mire with little peat contact. Further, source limitation for NH4, or even 
PO4, could be explained by the dominance of preferential flowpaths through the mire (Peralta-Tapia et al., 2015), 
such that solute exports are supported by an exhaustible pool that accumulates at depth during low flow (winter) 
months (Sponseller et al., 2018). Overall, across the KCS network, our inter-annual assessment revealed a range 
of c-Q relationships among organic and inorganic solutes, which in most cases appear to reflect the specific 
biogeochemical and hydrological conditions of either the riparian-stream or mire-stream interface.
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Finally, an important limitation of the solute dynamics reported here lies in the relatively low frequency of our 
sampling program, such that even a 12-year record of flow weighted samples may be too short and/or coarse to 
fully capture c-Q dynamics, particularly during hydrological events (Duncan et al., 2017; Fazekas et al., 2020). 
In our case, the snowmelt period is reasonable well captured, but flood events during summer and autumn are 
not targeted and are thus sometimes missed by the stream monitoring program. Thus, at annual time scales, 
c-Q relationships reported here are potentially too strongly shaped by the snowmelt season. Yet, despite limi-
tations linked  to sample timing and frequency, the resulting errors in c-Q slopes are unlikely to qualitatively 
change the overall solute behavior (e.g., shifting between enrichment to dilution) (Cassidy & Jordan,  2011; 
Dupas et al., 2016) but could instead reduce the strength of these relationships (e.g., from strong to weak limita-
tion) (Bieroza et al., 2018). Furthermore, and consistent with our results, asynchronous and land-cover depend-
ent source limitation of inorganic N and P (Bowes et  al.,  2015), as well as constant NO3 patterns (Vaughan 
et al., 2017; Wymore et al., 2021), have been documented elsewhere using high frequency data. Thus, the c-Q 
slopes reported here should adequately capture the overall direction and variation of dominant behaviors in terms 
of solute storage and transport across sub-catchments at annual time scales.

4.2. Seasonal Variation in c-Q Relationships

Seasonal changes in hydroclimatic conditions and/or biogeochemical processes can modulate the contribution 
of solutes from a range of permanently and seasonally saturated zones that collectively alter c-Q relationships 
(Dupas et al., 2017; Thomas et al., 2016). Indeed, our within-season assessment revealed a much larger range of 
c-Q relationships than observed across years with distinct changes for inorganic versus organic solutes. Specif-
ically, seasonal transport limitation (β > 0) for organic solutes suggests that the reconnection of more surficial 
catchment soils, where DOC and DON are more abundant, may be particularly influential during summer and 
autumn events, with flushing of organic resources produced and accumulated during the growing season (Tiwari 
et al., 2022). The clearest example of this is observed in the mire-dominated sub-catchment (C4), where the c-Q 
relationship for DON and DOC changed from a strong source limitation during snowmelt to transport limitation 
during summer. This shift indicates that rates of C and N production and accumulation in hydrologically active 
peat layers during summer and autumn are sufficient to keep pace with elevated flow during those seasons 
(Gómez-Gener et al., 2021).

Our assessment also showed seasonally changing hydrological responses for NH4 and PO4. For NH4, which was 
source limited and chemostatic inter-annually, we observed a shift toward constant c-Q relationships and even 
some cases of chemodynamic export regimes (i.e., CVc/CVq > 0.5) when assessed seasonally. As suggested above 
for NO3, constant behavior for NH4 indicates sustained but minor losses to streams during the growing season, 
even though this is when N demand in surrounding landscape is greatest. In the KCS, this likely reflects some 
leaking of NH4 from deep, peat-rich riparian and mire soils, which are functionally disconnected from  surface 
vegetation and shallow rooting zones (Sponseller et al., 2018). Why NH4 shifts toward a chemodynamic export 
regime during autumn and spring is less clear, but this is consistent with the relatively high biological reactivity 
of this solute in stream and near-stream environments (e.g., Lupon et al., 2020), which may uncouple variability 
in concentrations from that of discharge (Musolff et al., 2015). Finally, for PO4, as observed at inter-annual scales, 
source limitation persisted throughout summer and autumn for most sub-catchments and only shifted toward 
constant behavior in winter. Persistent source limitation across seasons reflects the deeper mineral source of PO4 
across this landscape, but is also consistent with studies showing that, while biogeochemical processes (e.g., 
reductive dissolution of iron oxy-hydroxide) can release PO4 during summer low flows, this source is readily 
diluted as discharge increases (Dupas et al., 2017; Ebeling et al., 2021). Such patterns are also consistent with 
the same P sources being repeatedly mobilized and depleted by successive wetting cycles during autumn (Ali 
et al., 2017).

4.3. Non-Stationary c-Q Patterns Over Time

We assessed whether previously documented directional changes in solute concentrations coincide with shifts in 
c-Q relationships that reflect differences in the patterns of solute storage in catchment soils (Fork et al., 2020). 
For example, both NH4 and PO4 concentrations have declined in KCS streams over the last decade (Mosquera 
et al., 2022), and our results here show that these solutes have also become more source limited in almost all 
study catchments. Together, these patterns indicate that all sub-catchments are becoming better at retaining these 
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nutrients on land and that supply is particularly declining in surficial layers activated during higher flows. By 
comparison, NO3 concentrations are also declining at most KCS streams (Mosquera et al., 2022), yet c-Q patterns 
are largely stationary over this time period, indicating a more diffuse weakening in catchment source strength, 
which may be consistent with a more complex set of mechanisms underpinning NO3 supply (e.g., coupling with 
nitrification). Regardless, our results are generally consistent with other studies in the region showing widespread 
declines in DIN (Lucas et al., 2016) and P (Huser et al., 2018) concentrations in aquatic ecosystems. Such declines 
have been observed elsewhere (Mason et al., 2022) and have been linked to several regional processes, including 
reduced atmospheric N deposition (Deininger et al., 2020), increased nutrient retention in vegetation triggered 
by climate warming (Lucas et al., 2016) and strengthening geochemical sinks (Huser & Rydin, 2005). However, 
the intensification of source limitation observed for NH4 and PO4 in the KCS could also be part of a cyclical 
fluctuation between wet and dry years that affect catchment processes—given that our results also suggest a shift 
back toward less source-limited or even a constant behavior in 2018 when a severe summer drought hit the KCS 
(Gómez-Gener et al., 2020). It is worth noting that summer precipitation in this region is expected to be altered in 
the future, with longer periods without precipitation interspersed with large infrequent rain events (Teutschbein 
et al., 2018). Such changes to the hydrological regimes could potentially drive new patterns in solute supply.

4.4. Catchment Characteristics as the Ultimate Control Over c-Q Relationships

Catchment characteristics such as land-use, soil type, or drainage size can influence the complex interactions 
between hydrological and biogeochemical processes that underpin c-Q relationships (Thompson et al., 2011). 
Here, despite the general difference between organic and inorganic c-Q patterns, we found that the variation 
in c-Q slopes was related to catchment characteristics for nearly all solutes. Specifically, the spatial variation 
in organic and inorganic c-Q relationships was closely associated with the forest versus wetland proportion 
of each sub-catchment, as represented by PCA2. Even more interesting, these relationships persisted not only 
across organic and inorganic solutes but also for most seasons, and even as c-Q slopes changed over the longer 
time-period (i.e., for PO4 and NH4). For inorganic solutes, our results showed that c-Q regimes can vary among 
streams in the same network between source limitation and a constant pattern, depending on the degree of forest 
versus wetland cover, but these regimes rarely switch to transport limitation. In contrast, organic solute c-Q 
regimes can switch from a constant pattern to transport limited in response to gradients in the same land cover 
features, but almost never display source limitation. The mire-outlet stream was the only exception here since, 
as discussed above, extreme mire cover tends to push all solutes toward either source limitation or a constant 
pattern. Taken together, our results add new insights into the overwhelming influence of catchment properties on 
c-Q relationships (e.g., see Hashemi et al. (2020)) by adding evidence for multiple organic and inorganic solutes 
in a relatively remote, un-impacted boreal landscape. Such information is critical to predicting and managing 
potential climate-driven changes in the water quality of northern landscapes (Kincaid et al., 2020).

4.5. Implications for Aquatic Ecosystems

The stoichiometry of C, N, and P supplied to aquatic ecosystems can influence a wide range of processes, includ-
ing rates of primary productivity and the strength of resource limitation (Elser et al., 2007; Sardans et al., 2012). 
Our results highlight clear seasonal patterns in the stoichiometry of C, N, and P supplied across land-water 
boundaries in the KCS. Such patterns reflect differences in the size of these resource pools on land, but also in 
the mechanisms and time-scales of their use and turnover. Similar to observations across Sweden (Teutschbein 
et al., 2017), NH4, NO3, and PO4 concentrations in streams reach their annual maximum values during winter 
and minimum values during the growing season, ostensibly because plant and microbial demand for these nutri-
ents is sufficient to deplete mobilizable pools during summer. By contrast, DON and DOC show the opposite 
seasonal pattern, which is partially linked to temperature-dependent rates of production in riparian soils, but 
also to seasonal changes in hydrology and water table height (Winterdahl et al., 2011). Consequently, DOC:DIN 
ratios in streams increased throughout the growing season, reaching the highest molar ratio in autumn, whereas 
DOC:PO4 remained high throughout the growing season. In the KCS, this seasonal change in the stoichiometry of 
resource supply corresponds to predictable shifts in resource limitation of stream heterotrophic microbes—from 
strong carbon limitation during winter to greater degrees of N limitation during the summer growing season 
(Burrows et al., 2017).

Our results also indicate that abrupt changes in the stoichiometry of resource supply to streams can arise from 
solute-specific differences in hydrological mobilization (Figure 7). Across the KCS, c-Q regimes for the solutes 
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considered here were largely unique, arising from differences in the size and vertical distribution of subsurface 
storage pools, which together dictate how concentrations in the stream change as water tables fluctuate. When 
combined, these disparate c-Q relationships can generate strongly dynamic ratio-Q responses, particularly when 
considering resource pairs that have the most distinct subsurface storage and turnover patterns (Figure 7). Most 
notably, we find that the opposing mobilization patterns for organic versus inorganic solutes combine to create 
sharp increases in DOC:DIN and DOC:PO4 ratios in streams during high flow events. These events likely supply 
aquatic ecosystems with far more organic energy than inorganic building blocks needed to support microbial 
metabolism. Thus, high flows potentially exacerbate the seasonal imbalance of energy versus nutrient supply to 
aquatic systems even though N and P deficits could be met to some degree by organic forms (Rulli et al., 2022). 
Such observations gain even more importance when considered in the context of general “browning trends” 
observed across northern aquatic systems (Kritzberg et al., 2020), “wetter autumns/winters” arising from altered 
precipitation patterns (Teutschbein et al., 2018), and the likelihood of more frequent flood events in the future 
(Vormoor et al., 2015), all of which may contribute to amplifying the supply of DOC and DON relative to inor-
ganic nutrients across land-water boundaries. Conversely, an increasing frequency of summer drought in boreal 
landscapes could drive the opposite trends in streams, with reduced concentrations of DOC (Tiwari et al., 2022) 
coupled with elevated concentrations of reduced inorganic nutrients (Gómez-Gener et al., 2020).

5. Conclusions
Our results provide evidence that, despite being shaped by similar catchment features, the c-Q relationships for 
organic C and N differ fundamentally from inorganic nutrients, in terms of the direction of this relationship and 
its degree of seasonal variability. When integrated, these differences in individual solute response to hydrological 
change give rise to strong event- and seasonal-scale changes in the stoichiometry of resource supply to aquatic 
ecosystems. Given the critical interplay between the supply of resources from catchments and their demand in 
aquatic ecosystems, understanding the spatial-temporal variability of C, N, and P concentrations and ratio is key 
to predicting how northern streams and rivers may respond to ongoing and future environmental changes.

Figure 7. A conceptual diagram illustrating the dominant patterns of export behavior of (a, b) organic and (c, d) inorganic nutrients across headwaters dominated 
by forest cover (a, c) and headwaters with strong influence by mires (b, d). Color arrows represent fluxes of inorganic and organic solutes illustrating dominant 
transport pathways where color and arrow size is scaled. In right and left panels, concentration-discharge relationships are shown with dashed lines and the resulting 
ratio-discharge relationships are shown with solid lines to (based on Figures 3 and 4). Note that NO3 is not depicted as it mostly showed a constant pattern and not 
related to catchment characteristic (Figures 3 and 4).
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Data Availability Statement
The database used to support the findings of this study are openly available in Zenodo repository at https://doi.
org/10.5281/zenodo.8093554 with description and steps to reproduce in Mosquera et al. (2023). Furthermore, 
all data can be accessed and download via the Krycklan Catchment Study repository at https://data.krycklan.
se/ (Svartberget Research Station, 2023). All statistical analyses, as well as graphics were conducted using the 
freely available software R (R Core Team, 2022). Principal component analysis (PCA) was carried out by using 
the “vegan” package in R (Oksanen et al., 2019) and all Figure plots were performed in “ggplot” package in R 
(Wickham, 2016).
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Abstract
The relative supply of carbon (C), nitrogen (N), and phosphorus (P) to freshwater ecosystems is of fundamen-

tal importance to aquatic productivity, nutrient cycling, and food web dynamics. In northern landscapes, ongo-
ing climate change, as well as legacies from atmospheric deposition, have the potential to drive changes in how
these elements are recycled on land and exported to streams. While it is well established that dissolved organic
carbon (DOC) concentrations have increased in many high latitude streams, the simultaneous trends for N and
P and the ratios among these resources, are not well documented. We used data from 13 sites in a boreal stream
network to analyze decadal-scale changes in dissolved inorganic N (DIN), dissolved organic N (DON), and dis-
solved inorganic P (DIP) concentrations and partition these trends seasonally. We observed widespread declines
for DIP and DIN in streams, regardless of catchment characteristics. DIN decline was strongest during the grow-
ing season, and together with increases in DOC/DON at several sites, suggests increasing N retention by plants
and soil microbes across this landscape. By contrast, declines for DIP occurred primarily during late autumn and
winter, indicating that key biogeochemical changes are also occurring during non-growing season. Linking
these trends to increases in DOC concentration in streams revealed changes in the ratio of energy to nutrient
supply for the majority of sites, becoming richer in carbon and poorer in limiting nutrients over time. Overall,
our observations from this stream network point to ongoing oligotrophication, with possible consequences for
aquatic ecosystems in boreal landscapes.

Carbon (C), nitrogen (N), and phosphorus (P) are major ele-
ments essential for the growth and reproduction of all organ-
isms. In freshwater ecosystems, the concentration and
stoichiometry of these elements can regulate aquatic produc-
tivity, nutrient cycling, secondary production, community
composition, and food web dynamics (Elser et al. 2000; Eimers
et al. 2009; Taylor and Townsend 2010). Long-term trends in
the concentrations of these resources in streams and lakes are
thus a significant concern in environmental research, mostly
from the standpoint of anthropogenic nutrient enrichment
and the obvious impacts of eutrophication (Smith and

Schindler 2009). Yet, understanding these trends is also
important at high latitudes, where direct anthropogenic
inputs of nutrients are often low, but rapid, ongoing environ-
mental changes may nonetheless alter the fate of these ele-
ments in landscapes, with important consequences for aquatic
ecosystems.

Several environmental changes at high latitudes can
directly or indirectly influence C, N, and P cycling and reten-
tion on land and thus the export to streams and lakes. For
example, observed trends in declining atmospheric deposition
for some regions directly reduce nutrient inputs to ecosystems
(Isles et al. 2018), but can also alter soil chemistry and pro-
cesses in ways that indirectly influence nutrient retention and
loss (e.g., by enhancing microbial mineralization of soil
organic matter due to reductions in soil acidity; Rosi-Marshall
et al. 2016). In addition, rapid climate warming at high lati-
tudes, together with elevated atmospheric CO2, is linked to
increased plant growth (i.e., “greening”; Piao et al. 2020),
which in turn increases the sequestration of limiting nutrients
on land (Craine et al. 2018), while potentially leading to
greater soil dissolved organic carbon (DOC) production
(Finstad et al. 2016). Furthermore, climate change is also alter-
ing seasonal attributes at high latitudes, including longer
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plant growing seasons (Barichivich et al. 2013), wetter
autumns, and warmer winters (Teutschbein et al. 2015), all of
which have consequences for the timing and magnitude of
resource uptake, production, and mobilization in soils. Finally,
in northern Fennoscandia, these environmental changes co-
occur with widespread forest management, which over the last
century has also promoted greater tree biomass production
and thus nutrient storage in plant biomass and soils (Lucas
et al. 2016).

There is clear evidence that these collective changes are
altering stream and lake chemistry in northern landscapes.
Perhaps the most well-documented change is the increase in
DOC concentrations (Monteith et al. 2007; De Wit et al. 2016;
Fork et al. 2020), which is part of a general “browning” trend
that is most likely connected to acid deposition recovery and
vegetation change (Asmala et al. 2019; Kritzberg et al. 2020).
By contrast, several studies in the boreal region suggest that
surface waters are becoming more nutrient-poor over time.
Here, observed long-term declines in inorganic N in streams
and rivers have been attributed to land cover change (Sarkkola
et al. 2012), declining N deposition (Deininger et al. 2020),
and interactions between land management and climate
warming (Lucas et al. 2016). More recently, attention has also
been drawn to declines in inorganic P in Canadian (Eimers
et al. 2009) and Nordic rivers and lakes (Huser et al. 2018; de
Wit et al. 2020), which may similarly arise from changes in cli-
mate, recovery from acid deposition, land-use transitions and
from emergent geochemical sinks (e.g., increase in Aluminum
sinks) (Huser and Rydin 2005). Despite these observations, the
relative influence of various catchment properties, soil charac-
teristics, and climate drivers on trends in boreal stream nutri-
ent chemistry remains poorly resolved. In addition, studies to
date have not explored simultaneous trends in C, N, and P to
assess whether or not these are synchronous at seasonal and
interannual scales and thus potentially operate under a shared
set of drivers. In this context, differences in the direction and
magnitude of trends across resources may signify shifts in
aquatic nutrient limitation via changing N : P (Isles
et al. 2018) as well as a growing imbalance in the supply of
organic energy vs. nutrients (e.g., DOC : inorganic N). These
shifts and imbalances could constrain the growth of aquatic
heterotrophs (Taylor and Townsend 2010) and regulate
aquatic productivity (Stetler et al. 2021).

In this paper, we ask how C, N, and P chemistry in a boreal
stream network has changed over the last decade, how differ-
ent catchment characteristics influence these trends, and how
such changes influence the stoichiometric balance of dis-
solved resources. To answer these questions, we used long-
term water quality records from 13 sites within the Krycklan
Catchment Study (KCS) located in boreal Sweden (Laudon
et al. 2021b). Specifically, we characterized trends of inorganic
and organic N and inorganic P from 2008 to 2020 and par-
titioned these seasonally to assess whether there are time win-
dows when a directional change in nutrient chemistry is

particularly strong or weak. We then used regression
approaches to explore how variation in the strength of trends
among sites is related to catchment characteristics, including
differences in forest and wetland land cover. Further, we
addressed changes in N and P chemistry in light of other
chemical trends linked to the recovery from atmospheric
deposition in the catchment (e.g., sulfate; Laudon
et al. 2021a). Finally, we integrated nutrient data with ongo-
ing increases in DOC concentration in KCS streams (Fork
et al. 2020) to explore changes in the ratio of energy to nutri-
ent supply from soils to aquatic ecosystems in this landscape.

Methods
Site description

This study was conducted within the Krycklan Catchment
Study (KCS), a long-term research and monitoring watershed
located in the boreal zone of northern Sweden (64�140N,
19�460E) approximately 60 km from the Baltic Sea coast. The
68-km2 catchment is composed of 13 intensively monitored
sub-catchments ranging over three orders of magnitude in
size, from 12 to over 1900 ha (see Laudon et al. 2013 for fur-
ther details about site description). The climate is typical of
the northern boreal zone, characterized as a cold temperate
humid type with short and cool summers followed by long
dark winters. The 30-year mean annual air temperature (1986–
2015) is 2.1�C with the highest mean monthly temperature
occurring in July and the lowest in January (+ 14.6 and
�8.6�C, respectively; Kozii et al. 2020). The area is affected by
general warming as mean annual temperature has increased
by 2.5�C in the last 40 years, most rapidly during late autumn
and winter months (Laudon et al. 2021b). For the period of
study (2008–2020), mean annual temperature increased by
0.02�C yr�1. The average snow cover is 167 d yr�1, typically
from late October to early May, but has been declining at a
rate of � 0.5 d yr�1 (Laudon and Löfvenius 2016). Total
annual precipitation averages around 614 mm yr�1 of which
approximately 35–50% falls as snow and 311 mm becomes
runoff (Laudon et al. 2013). The hydrologic regime is charac-
terized by high flow during the spring snowmelt (April–May),
which accounts for 40–60% of the annual discharge. For the
period of our analysis (2008–2019), there is no evidence of
directional changes in annual discharge in the KCS. However,
trend analysis on monthly discharge suggests significant
declining trends for two sites, as well as non-significant declin-
ing trend for the rest. If analyzed seasonally, spring discharge
(April and May) has increased significantly over this time
period at five sites with non-significant changes at the other
seven; no other seasons show discharge trend (Supplementary
Table S1).

The KCS is primarily covered by forest (87%) and is domi-
nated by Scots Pine (Pinus sylvestris; 63% cover) found mostly
on the dry uplands, Norway Spruce (Picea abies; 26%) in wet-
ter low-lying areas, and deciduous trees (� 10%), primarily
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birch (Betula spp.). The understory is dominated by ericaceous
shrubs, mostly bilberry (Vaccinium myrtillus) and lingonberry
(Vaccinium vitis-idaea) with extensive cover of mosses domi-
nated by Hylocomium splendens and Pleurozium schreberi. When
divided by sub-catchments, the KCS presents a land cover gra-
dient ranging from 54% to almost 100% forest cover, from 0%
to almost 50% cover by Sphagnum-dominated wetlands (acid,
oligotrophic, and minerogenic mires), and from 0% to more
than 5% of humic lake cover. This landscape is underlain by
quaternary deposits dominated by till soils (51%) that vary in
thickness from a few centimeters to tens of meters, and sorted
sediments (30%) (Laudon et al. 2013). In the lower catchment,
large deposits of postglacial sediments are found as a result of
a post-glacial river delta which covered an esker that followed
the Vindeln River (Ledesma et al. 2013; Tiwari et al. 2014).
Approximately 25% of the KCS has been protected from forest
management since 1922, mostly in the central sub-
catchments of the KCS area. Most of the other sub-catchments
have been subject to some recent forest management includ-
ing patches of second- and third-generation forests.

Sample collection and analytical methods
We compiled data for dissolved organic carbon (DOC),

total dissolved nitrogen (TDN), nitrate (NO3
�) ammonium

(NH4
+), and phosphate or soluble reactive phosphorus

(PO4
3�), sulfate (SO4

2�), pH, and discharge from the KCS regu-
lar monitoring program for streams during the period between
2008 and 2020. The sampling regime is flow weighted, mean-
ing that during spring flood samples are collected as fre-
quently as twice per week, during the terrestrial growing
season sampling occurs every 2 weeks, and during winter
base-flow sampling occurs once per month. We analyzed data
from 13 streams in the KCS, where 11 of these had data for
the entire period, ranging from 262 to 311 observations per
stream. For the other two streams (C14 and C15) the monitor-
ing program started in 2012, and thus included data from
fewer years, or 144 and 133 observations, respectively. For
DOC, the monitoring program started in 2003 for the 13 sites,
thus we took advantage of this longer period, having 478–408
observations per stream. Furthermore, at Site 12, discharge
measurements could not be used due to inaccuracies in field
measurements.

All samples were collected in acid-washed high-density
polyethylene bottles, filtered in the lab (0.45 μm Millipore)
within 24–48 h. Samples for DOC, TDN, SO4, and pH were
refrigerated (+ 4�C) and analyzed within 10 d after field collec-
tion. Finally, filtered subsamples were frozen (�20�C) immedi-
ately after subsampling and stored for later analysis of NO3-N,
NH4-N, and PO4-P. The analytical methods for DOC, TDN,
NO3

�, and NH4
+ have been described in detail by Blackburn

et al. (2017). Dissolved inorganic nitrogen (DIN) was calcu-
lated as the sum of NO3 (including nitrite) and NH4 and dis-
solved organic nitrogen (DON) was calculated as the
difference between TDN and DIN. PO4

3� was accounted as the

dissolved inorganic phosphorus (DIP) and was analyzed on a
Seal Analytical Autoanalyzer 3 HR using method G-297-03.
SO4-S was measured by liquid chromatography. This database
includes values reported as “below detection level (BDL)” for
PO4, NH4, and NO3. Rates of BDL occurrence were similar
across sites and accounted < 5% of observations for PO4, < 2%
for NH4, and less < 1% for NO3. This small proportion of BDL
is influenced by the low detection limits (DL) of the analytical
method (0.4, 0.3, and 0.4 μg L�1, for PO4, NH4, and NO3,
respectively). Moreover, our statistical method is not biased by
BDL observations because it compares values and determines
which is the larger (Hirsch et al. 1982); thus we applied a con-
ventional substitution method for all such occurrences (DL/2).

Data analysis and statistical methods
We analyzed nutrient and sulfate concentration and molar

ratios for overall significant monotonic time series trends by
performing a non-parametric Seasonal Mann–Kendall test
with seasons as the blocking variable using the “rkt” package
(Marchetto 2017) in freely available software R (R Core
Team 2020). The Seasonal Mann–Kendall is well suited to dis-
tinguish between random fluctuations and monotonic trends
and is applicable to data sets with seasonality. It is not biased
by missing values or values reported as “below detection limit”
and requires no assumption of normality (Hirsch and
Slack 1984). Specifically, we determined the Seasonal Kendall
slope (unit yr�1), an extension of the Theil Sen slope, to esti-
mate the magnitude of statistically significant trends. If the
Seasonal Kendall slope is positive it means that the variable
consistently increases and if it is negative the variable
decreases, yet, does not imply a linear regression (Hirsch
et al. 1982). The seasons were determined using the World
Meteorological Organization (WMO) standard definition
based on air temperature measured at Svartberget Field Station
located in the center of the KCS (Laudon et al. 2013). Accord-
ingly, spring begins when air temperature reaches above 0�C
for five consecutive days and the maximum temperature is
still below 20�C. Summer begins when the 5-day mean tem-
perature rises above 10�C for 10 consecutive days. Autumn
starts when the mean daily temperature falls below 10�C and
the minimum temperature is below 0�C, and winter starts
when the daily mean temperature is below 0�C for five consec-
utive days. To further understand the seasonal differences in
the trends we used the Seasonal Mann–Kendall to test for
trends of the different seasons and individual months using
the median of samples collected within each month or season
(Hirsch et al. 1982).

To assess whether concentration trends were an effect of
dynamics, changes, or trends in discharge, we performed a
partial Mann–Kendall test (PMK) using the “trend” package in
R (Pohlert 2020), incorporating discharge as a covariate and
allowing the correction for the relationship (Libiseller and
Grimvall 2002), both for the entire period and for spring
months (April–May). The PMK, however, is designed to
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estimate the statistical significance of trends and does not
include a direct estimate of their magnitude. Therefore, the
PMK was particularly useful to address the potential influence
of changes in stream discharge on trends in concentration.
Before performing a PMK, the correlation between discharge
and concentration must be found. We then used Spearman’s
rank correlation to determine the strength of the relationship
between discharge and concentration (Pohlert 2020). To cap-
ture and illustrate the general pattern of nutrient concentra-
tion and molar ratio over time, a locally weighted scatterplot
smoothing (loess) fitting curve was applied using the “ggplot”
package in R (Wickham 2009). Furthermore, Seasonal Kendall
slopes were used to estimate the percentage change in the
mean quantity (trend/mean, % yr�1) of concentration and
molar ratio per year (Huser et al. 2018; Deininger et al. 2020)
and were also used to correlate the decline with the period
mean concentration for each stream using ordinary least-
squared regression (lm package) in R.

To identify the drivers behind the significant trends, we
first conducted a principal component analysis (PCA) of sub-
catchment characteristics using the “vegan” package in R
(Oksanen 2015) with standardized parameters. The sub-
catchment characteristics used in the PCA are the ones
reported in Laudon et al. (2013), in addition to ditch density
(km km2) for each sub-catchment (Hasselquist et al. 2018)
and presented in Supplementary Table S3. Ditches reflect
historical efforts to drain forested wetlands and peatlands to
increase forest production. We included ditch density due
to its impact on hydrology and consequently nutrients
dynamics (Hasselquist et al. 2018). We used multiple linear
regression analysis to assess the relationship between the
magnitude of the Theil Sen slope and the integrated catch-
ment characteristics (i.e., PC1, PC2, and PC3 scores) for
each site. Similarly, we used ordinary least-squares regres-
sion to test the relationships between sulfate, pH, and nutri-
ents (i.e., DIP due to adsorption mechanisms), which may
influence the observe trends. These regressions were done
using the lm package with the step procedure in R. All the
graphics of this study were produced using the R package
“ggplot2” (Wickham 2009).

Results
Annual decline of inorganic nutrients is widespread in
streams with different catchment characteristics

Over this 13-year period (2008–2020), all KCS streams
(n = 13) showed statistically significant (p < 0.05) declines in
DIP concentration and almost all (11 out of 13 streams)
showed a statistically significant decline in DIN concentra-
tions (Fig. 1a,b; Table 1). The other two streams also showed a
negative trend but with no statistical significance (p > 0.05).
Although concentration and discharge were correlated for DIP
(10 out of 12 streams) and DIN (9 out of 12 streams), when

discharge was corrected for, the significant concentration
trends remained (Supplementary Table S2). The overall magni-
tude of concentration trends varied between DIN and DIP and
among sub-catchments, but was broadly similar as an annual
percentage. Specifically, the annual magnitude of DIP decrease
(Seasonal Kendall slope estimator) ranged from �0.1 to
�0.5 μg P L�1 yr�1 between sites, averaging a decrease of
�5.4% annually (SD � 1.6). DIN declines ranged from �1.8 to
�3.6 μg N L�1 yr�1 between sites and averaging �7.1% annu-
ally (SE � 1.6).

DIN in the mire outlet stream (C4) was dominated by NH4,
which accounted for 68% (SD � 6) of the inorganic pool. By
contrast, NO3 was the dominant fraction of DIN in seven of
the 13 sub-catchments (64–79% of DIN), whereas these two
forms were essentially co-equal in the remaining sites. Both
NO3 and NH4 decreased over the study period (p < 0.05) in all
the streams (11 of 13 with statistical significance for NO3 and
13 of 13 for NH4) (Table 1). Overall, streams with higher
annual average concentrations of DIN and DIP generally
showed the largest relative declines during this period of
record (Fig. 2a,b). Yet, this pattern did not hold true for NO3

or for NH4 by themselves (Fig. 2c,d). Both the sub-catchment
subject to extensive ditching (C1; Hasselquist et al. 2018) and
the sub-catchment influenced by higher percentage of alluvial
deposits (Ledesma et al. 2013) and greater cover by open and
arable lands (C15), had NH4/NO3 ratios far less than 1 and
were notably dominated by NO3. Specifically, the mean DIN
for C1 was almost twofold higher than the rest of the streams
and more than three times higher than the other forested
catchment (C2). The inclusion of these sites obscured the rela-
tionship between Mean DIN and DIN Seasonal Kendall slope
(Figs. 2, 4).

Total dissolved N (TDN) concentrations also showed a sig-
nificant decline (p < 0.05) in almost all streams (11 of 13) and
a non-statistically significant decline for the other two streams
(Table 1). DON, which on average represented 88% of TDN,
dominated the dissolved N pool (SD � 5%, ranging from 77%
to 98%). Statistically significant declining trends in DON con-
centrations were only observed in 7 out of 13 streams, while
the other six streams also showed a negative trend but with
no statistical significance (Fig. 1c; Table 1). The annual percent
change was lower than that observed for inorganic N, averag-
ing �2.6% (SD � 0.84) per year. Specifically, DON concentra-
tions in stream water ranged from a declining trend of �3.3%
(�12.4 μg N L�1 yr�1) in the lake outlet (C5) to a decline of
only �1.9% annually (�8.0 μg N L�1 yr�1) from the mire out-
let. Contrary to N and P trends, and as already established by
Fork, et.al (2020) for the period from 2003 to 2018, DOC con-
centrations increased in most of the KCS streams. For the
period of 2003–2020, 9 out of 13 streams had statistically sig-
nificant (p < 0.05) increase of DOC (Fig. 1d), ranging from
+ 0.09 to + 0.37 mg C L�1 yr�1 averaging an increase of 1.2%
annually (SD � 0.56). Streams draining the lake, the mire, and
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the entire KCS (C16) showed a positive Seasonal Kendall slope
estimator but these were not statistically significant (Table 1).
Finally, across sites, there was no significant correlation
between the Seasonal Kendall slope for DIN and DIP decline
and the slopes that describe DOC increases (n = 13, r2 = 0.10
and r2 = 0.002, p > 0.05 for DIN and DIP, respectively).

Different seasons are important for driving inorganic
nitrogen and phosphorus declining trends

While both DIN and DIP concentrations show declines for
most of the KCS sub-catchments at annual scales, a more
detailed assessment using the Seasonal Kendall test revealed
distinct seasons during which most of this long-term change

Fig. 1. Time series of organic and inorganic nutrients for the period 2008–2020 shown with locally weighted scatterplot smoothing (loess). (a) Dissolved
inorganic nitrogen (DIN), (b) dissolved inorganic phosphorus (DIP), (c) dissolved organic nitrogen (DON) (C14 and C15 have data from 2012 to 2020),
and (d) dissolved organic carbon (DOC) for 13 streams of the KCS (all streams have data from 2003 to 2020). Statistically significant trends (seasonal
Mann–Kendall test) per stream are shown in solid lines, streams with no significant trend are shown with gray dashed lines, and the mean trend for all riv-
ers combined is shown in black line with � 1 SE in shaded red.
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Fig. 2. Relationship between mean (error bars are � SE) for the period of 2008–2020 of (a) DIP concentration vs. DIP Seasonal Kendall slope, (b) DIN
concentration vs. DIN Seasonal Kendall slope, (c) NO3 concentration vs. NO3 Seasonal Kendall slope, and (d) NH4 vs. NH4 Seasonal Kendall slope for all
streams. Streams with significant (p < 0.05) long-term trends are shown in colored circles, non-significant (p > 0.05) in light gray symbols; open square
represents the site that is directly influenced by alluvial deposits; open triangle is the catchment within the KCS that has been extensively drained. Black
dashed line represents the linear regression with � 1 SE (in gray). The regression line for DIN (b) is based only on the closed symbols (indicated by aster-
isk). The numbers shown are the ID for each stream and the full description of catchment characteristics is given in Supplementary Table S1.

Table 1. Trends 2008–2020 of stream concentration. Significance levels are indicated by * p < 0.05 and ** p < 0.01), non-significant
trends by “ns” and data not available by “n.a.” Upward and downward trends are indicated by Seasonal Kendall slope estimator.

Catchment ID

KCS stream concentration (μg N L�1 yr�1)

TDN DIN NO3 NH4 DON DIP DOC†,‡
C1 �0.34 ns �0.26 ns �0.4 ns �0.4** �1.3 ns �0.2** 0.4**

C2 �0.84 ns �2.0** �0.8** �0.9** �0.6 ns �0.3** 0.3**

C4 �8.1* �2.7** �1.1** �1.4** �6.7* �0.3** 0.1 ns

C5 �12.4** �2.8** �0.9** �1.9** �11.1** �0.2** 0.1 ns

C6 �9.9** �3.7** �1.5** �2.0** �6.5** �0.2** 0.1*

C7 �6.9** �2.7** �1.3** �1.2** �4.7* �0.5** 0.2*
C9 �7.0** �2.6** �0.9** �1.5** �5.7** �0.2** 0.1*

C10 �6.1* �2.7** �0.9** �1.5** �4.1* �0.2** 0.2*

C12 �4.7* �3.0** �1.0** �1.6** �2.5 ns �0.1** 0.2*
C13 �4.5* �2.6** �0.9** �1.6** �1.9 ns �0.3** 0.3**

C14§ �7.2** �2.6* �1.5** �1.3* �2.9 ns �0.3** 0.05 ns

C15§ �5.2** �1.5 ns �0.2 ns �1.4** �3.4 ns �0.3** 0.1*
C16 �8.9** �3.0** �1.3** �1.5** �6.2** �0.4** 0.05 ns

†Data available from 2003 to 2020.
‡Concentrations are in (mg C L�1 yr�1).
§Data available from 2012 to 2019.
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occurred. For example, the pooled significant (p < 0.05)
decline for DIN trends was dominated by changes during the
open water season (April–October), but declines were also
observed during winter months (Fig. 3a). By comparison, sig-
nificant declines (p < 0.05) for DIP occurred during spring
(April–June), as well as from autumn to early winter (October–
January; Fig. 3b), both periods that begin with relatively
elevated stream discharge. Specifically for spring months
(April–May), discharge increased significantly in five streams
and non-significantly in other seven (Supplementary
Table S1), yet, when discharge is accounted for as co-variate in
the trend analysis, declining trends both for DIN and DIP also
remain (Supplementary Table S2).

Seasonal Kendall tests showed variation among sub-
catchments in terms of the seasonality of these trends. For
example, streams draining the lake (C5) and the mire (C4) did
not show a decline in DIN concentrations during growing sea-
son, but rather a strong decline at spring flood (April and
May), and then again later in the year (October and
November, respectively). Likewise, the stream draining a for-
ested headwater sub-catchment (C1) did not show a decline in
DIP concentration during spring, but showed a strong decline
during winter. Even with this variation among individual
sites, the majority followed the overall seasonal trend for both
DIP (8 of 13) and DIN (6 of 11, excluding C1 and C15, which
did not show overall statistically significant decline for DIN).

Differentiated drivers of the declining trends of inorganic
nitrogen and phosphorus

PCA analysis of catchment characteristic metrics explained
33% of the variation on axis 1, 25% of the variation on axis
2%, and 12% of the variation on axis 3 (Fig. 4d). PCA1
describes tree volume (m3 ha�1); stand age (year), ditch den-
sity (km km2) and quaternary deposits made up of till (%).
PCA2 is associated with large-scale, landscape factors like mire
vs. forest cover, whereas PCA3 describes forest characteristics,
specifically between spruce and pine (%). At annual time
scales, the magnitude of DIN concentration decline across
KCS streams was not correlated with any of these integrated
catchment characteristics (i.e., PC1, PC2, or PC3). However,
analysis on seasonal declines indicates that the magnitude of
summer DIN change (Seasonal Kendall slope) was positively
correlated to the catchment characteristics as represented by
PC1 and PC2 (Fig. 4a–c). Specifically, our analysis suggests that
DIN declines during summer were weakest for sub-catchments
that had both higher forest cover (%) and greater tree volume
(m3 ha�1) (i.e., larger relative forest cover and greater total bio-
mass per area unit), higher stand age (year), higher ditch den-
sity (km km2), and more quaternary till deposits (%). For this
test, we did not consider the stream draining directly from the
lake due to the potential for within-lake processes to drive
stream chemistry, or sites affected by the esker, where summer
low flow conditions are driven by contributions from deeper
groundwater sources (Tiwari et al. 2014) (i.e., C16). By com-
parison, sub-catchments with less forest cover (%) and less
sorted sediments (%), showed stronger absolute DIN declines.
However, it is worth noting that the score of PC1 for catch-
ment characteristics is also inversely correlated with the over-
all mean DIN concentration across sites, such that sub-
catchments with greater tree volume (m3 ha�1), higher stand
age (year), higher ditch density (km km2), and more till (%)
had lower mean concentrations of DIN (Supplementary
Fig. S1). Furthermore, neither the magnitude of DIP decline
nor the mean DIP concentration among streams in the KCS
network were correlated with differences in integrated catch-
ment characteristics, whether this was assessed annually or
within seasons. Finally, while we observed declines in SO4-S
across the KCS (Supplementary Fig. S3), the magnitude of
these trends was also unrelated to DIP trends for the different
streams. Similarly, we observed no statistically significant
trend (p > 0.05) for pH in any of the streams in the KCS during
this period, nor were trends in DIP correlated with the average
pH across sites.

Declining trends are affecting the stream nutrient balance
over time

Given declining trends in DIP and DIN, together with
increasing trends for DOC, we found that the ratios between
C : N and C : P increased over time in almost all the streams
in the KCS. Specifically, 11 of 13 streams showed a significant
increase (p < 0.05) in the DOC : DIN ratio (Fig. 5a) and 12 of
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Fig. 3. Seasonal Kendall test for inorganic nutrients in stream waters. (a)
DIN Seasonal Kendall test and (b) DIP Seasonal Kendal test. Pooled Theil
Sen slope is shown with filled circles and site-specific Theil Sen slope is
shown with hollow circles. Streams with non-significant monthly declines
(p > 0.05) are shown in light gray. Note that the scales in y-axis show dif-
ferent magnitudes of decline.
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13 streams showed a significant increase (p < 0.05) in the
DOC : DIP ratio (Fig. 5b). It is worth noting the two streams
that did not have statistically significant increases of
DOC : DIN ratio also did not show significant decreases for
DIN (Tables 1 and 2). As expected, we also found high
variability in the magnitude of increase in ratios among sub-
catchments (Table 2). On average DOC : DIN ratios signifi-
cantly (p < 0.05) increased annually 5.9% (SD � 1.9), ranging

from 3.1% in the stream draining the entire KCS (C16) to
9.8% in the stream draining a 100% forest coverage sub-
catchment (C2). DOC : DIP annual increase on average was of
3.5% (SD � 1.5), ranging from an increase of 1.5% at the
stream draining a forested catchment (C10) to 5.9% at the
stream draining the entire KCS (C16). Furthermore, none
of the streams in the KCS had a statistically significant trend
of DOC : DON ratio (p < 0.05) (Table 2), nevertheless 11 of
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13 streams showed a non-significant increasing trend. The
Seasonal Mann–Kendall analysis also indicated a significant
declining trend of DIN : DON ratio for 11 of the 13 streams
(p < 0.001). Lastly, the DIN : DIP ratio showed a statistical sig-
nificant decline (p < 0.05) for only five of the 13 streams
(Table 2). Yet, for these sites, the strongest declines were
observed during the summer growing season (Supplementary
Fig. S2).

Discussion
Multiple ongoing environmental changes operating across

high latitude landscapes have the potential to alter water

quality, including the concentrations and stoichiometry of
organic matter and nutrients. Here, we report widespread
declines in stream DIN, DON, and DIP concentrations, which
co-occur with increases in DOC concentration across a boreal
stream network. Collectively, these trends suggest an overall
pattern of oligotrophication across this landscape, and under-
pin significant changes in the stoichiometry of resource sup-
ply (DOC : DIN; DOC : DIP, DIN : DIP) to streams, which
likely have consequences for aquatic communities and ecosys-
tems (Jeppesen et al. 2002; Van De Waal et al. 2010). Further,
even though the mechanisms that regulate N and P minerali-
zation and immobilization in soils can differ in fundamental
ways (Neff et al. 2000) we found declining trends both for

Table 2. Trends 2008–2020 of molar ratio for individual streams. Significance levels are indicated by * p < 0.05) and ** p < 0.01), non-
significant trends by “ns” and data not available by “n.a.” Upward and downward trends are indicated by Seasonal Kendall slope
estimator.

Catchment ID

Element ratios in streams (mol L�1 yr�1)

DOC : DIN DOC : DIP DOC : DON DIN : DIP DIN : DON

C1 4.3 ns 621.4** �0.12 ns 1.5** �0.004 ns

C2 156.1** 944.5** 0.05 ns �0.6** �0.006**

C4 48.5** 720.2** 0.34 ns �0.2 ns �0.006**
C5 26.8** 877.6** 0.27 ns 1.1** �0.005*

C6 39.0** 275.9* 0.03 ns �0.8** �0.010**

C7 42.2** 538.7** 0.11 ns �0.1 ns �0.007**
C9 28.7** 305.3** 0.18 ns �0.2 ns �0.007**

C10 58.3** 291.0* 0.07 ns �0.7** �0.008**

C12 48.2** 228.6 ns �0.24 ns �0.9* �0.010**
C13 85.8** 923.3** 0.05 ns �0.3* �0.007**

C14† 44.7** 514.1* 0.61 ns �0.5 ns �0.009**

C15† 11.5 ns 926.8* 0.83 ns 1.4 ns 0.003 ns

C16 12.7** 572.9** 0.24 ns 0.3 ns �0.009**

†Data available from 2012 to 2019.

Fig. 5. Time series of molar ratios for the 13 streams of the KCS for the period of 2008–2020 shown with loess smoothing. Time series of (a) DOC : DIN
ratio, (b) DOC : DIP ratio, and (c) DIN : DON ratio (C14 and C15 have data from 2012 to 2020). Trends of individual streams with significant trend are
shown in colored solid lines, while streams with no significant trend are shown in gray dashed lines. The trend for all streams combined is shown in solid
black (mean � 1 SE in red).
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DIN and DIP in nearly all study streams, which occur regard-
less of catchment characteristics and independent of hydro-
logical change. However, despite such similarities, the seasons
within which declining trends were most pronounced differed
between DIN and DIP, suggesting different sets of biogeo-
chemical controls are acting on these nutrients. Overall, given
the spatial extent of observed changes, we suggest that
decadal-scale trends in nutrient concentrations are most likely
shaped by drivers operating at broader spatial scales, including
ongoing climate changes and the legacy of atmospheric depo-
sition (Laudon et al. 2021a).

Role of climatic variability
Longer and warmer growing season

The decline of DIN concentration was strongest throughout
the growing season, which has been dramatically affected by
climate warming. Indeed, this region has undergone an overall
warming pattern for at least the last 30 years, leading to longer
and warmer growing seasons, confirmed by an increase in
mean summer temperature, a greater number of growing
degrees days, and a shift toward earlier snowmelt (Lucas
et al. 2016; Laudon et al. 2021b). By upregulating plant and
soil processes, these climate changes could be responsible for a
general tightening of the terrestrial N cycle (e.g., Craine
et al. 2018), leading to reduced export to aquatic systems. For
example, similar declines in riverine N in northern Sweden
have been linked to greater N accumulation in soils and forest
biomass, both of which have steadily increased over the last
decades (Lucas et al. 2016; Craine et al. 2018). Furthermore, as
observed for headwater catchments in Canada (Creed and
Beall 2009), our multiple regression analysis with catchment
characteristics suggests that it is not the forested catchments,
but rather those with higher peat (mire) coverage that had the
strongest DIN declines in stream. This pattern could mean
that N cycling in peatlands has been more responsive to
recent environmental changes than adjacent forests. However,
this relationship could also be spurious and affected by the rel-
atively short time scale considered here, as longer records from
forested catchments in Sweden show DIN declines over the
last few decades (Lucas et al. 2016), and studies elsewhere indi-
cate that such declines may operate on the scale of centuries
(Bernal et al. 2012). Similarly, given that the percentage
change in DIN per year was similar across these sites, variation
in absolute declines may simply result from differences in
average concentration. Accordingly, correlations between the
Sen slope for DIN and catchment structure likely reflect the
role of mires as comparatively strong DIN sources to outlet
streams (arising from deep peat layers, Laudon and
Sponseller 2018). By comparison, DIN concentrations in the
most forested catchments are already so low that the magni-
tude of absolute decline is small. Either way, our observations
suggest that decline in stream DIN reflects a tightening of the
N cycle owing to elevated rates of biological activity in the ter-
restrial landscape (Hu et al. 2014). Furthermore, consistent

with this hypothesis, DON concentrations have also declined,
and the DOC : DON ratio has increased for more than half of
the sites, indicating a general increase in the efficiency by
which N is recycled and retained in catchment soils (Wymore
et al. 2021) and suggesting that the DOM pool is experiencing
fundamental changes (Rodríguez-Cardona et al. 2022).

Warmer winters and wetter autumns
Our results also highlighted declines for DIN but more

notably for DIP during autumn and winter, when rates of bio-
logical activity in the surrounding catchment should be rela-
tively low. However, these are seasons that are also currently
being altered by climate change (Laudon et al. 2021b). In fact
some of the most significant longer-term hydro-climatic
changes in the KCS (1981–2010) are observed during autumn
and winter, including a clear warming trend, a delay in the
onset of snow cover by � 0.5 d yr�1 over the last 40 years
(Laudon and Löfvenius 2016), and increases in late winter dis-
charge (March; Laudon and Sponseller 2018). These changes
in winter conditions could influence stream chemistry
through physical, biological, and geochemical mechanisms.
For example, wetter conditions in autumn/winter (e.g.,
Vormoor et al. 2015) could drive observed declines in winter
DIN and DIP concentration simply by dilution. Yet, for the
period considered here, we observed decreases in winter dis-
charge, suggesting that declines in DIP and DIN are not a dilu-
tion signal, and must be driven by other processes. Declining
nutrient trends during spring (April–May) could reflect dilu-
tion as almost all sites exhibited increases in discharge during
this time window, but this hydrological change was not suffi-
cient to account for the solute trends, indicating that other
mechanisms are operating. Multiple biogeochemical processes
in catchments and near-stream soils could underlie these
observations. For example, the emergence of thinner snow
packs and accelerated freeze–thaw cycles throughout may
have negative consequences for microbial communities and
processes in near-stream soils (Campbell and Laudon 2019),
leading to reductions in N and P mineralization and thus
declines in supply to streams. Further, in the autumn months,
changes of in-stream uptake such as higher heterotrophic
uptake rates due to colonization of new inputs of detritus
coupled with a decrease of in-stream nitrification may be
happening, resulting in net uptake of NO3 and PO4

(Mulholland 2004; Sebestyen et al. 2014). It is worth noting
that although biological activity could be influencing the
declining trends in autumn/winter months, it seems that it is
not driven by the land cover characteristics of the catchments
(O’Brien et al. 2013). Finally, wetter conditions during the
non-growing season could elevate water tables, activating
shallower layers of riparian soils and thereby promoting geo-
chemical processes that remove DIP. Specifically, these upper
soil horizons are more organic rich and acidic (Ledesma
et al. 2018), and in some cases also have higher concentra-
tions of aluminum (Al) and iron (Fe) (Lidman et al. 2017).
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Activating more surficial soil pathways could therefore
enhance phosphate sorption (Giesler et al. 2005) and thereby
reduce mobilization to streams. This same mechanism could
also explain the declines observed during May and June where
the water tables are highest and the declines in DIP are even
stronger. These various mechanisms are not mutually exclu-
sive and resolving their potential influences will require addi-
tional work. Regardless, our results indicate that recent and
ongoing changes in winter conditions are altering the
exchange of key nutrients between boreal soils and streams.

Legacy effects of atmospheric deposition
While changing climate conditions can influence catch-

ment nutrient cycles through effects on biology and hydrol-
ogy, these changes often co-occur with a recovery from
historical atmospheric deposition, which may also influence
nutrient trends. However, the legacy of N deposition does not
seem to, by itself, explain the decline of DIN concentration in
northern Swedish streams (Lucas et al. 2016), in contrast to
studies that have reported this connection for lakes and
streams elsewhere (Kothawala et al. 2011; Isles et al. 2018;
Kaste et al. 2020). For the KCS, this mechanism seems unlikely
for several reasons. First, atmospheric N deposition is compar-
atively low in the region (Gundale et al. 2011; Isles
et al. 2018), well below suggested thresholds of deposition
required to support significant leaching in streams
(e.g., 10 kg N ha�1 yr�1; Dise and Wright 1995). Similarly,
while N deposition has declined by twofold over that last
25 years, levels have never been notably elevated, peaking at
around 2.5 kg N ha�1 yr�1 in 1980 and dropping to
� 1 kg N ha�1 yr�1 in 2020 (Laudon et al. 2021a). Given the
critical role of N as a limiting nutrient in Fennoscandian land-
scapes (Högberg et al. 2017), these levels of deposition are
unlikely to drive a surplus in the plant–soil system. Finally,
while some studies have explicitly linked reductions in N
deposited by snow to changes in stream chemistry during
spring (e.g., Kothawala et al. 2011), empirical evidence during
snowmelt in the KCS suggests that inorganic N is rapidly
taken up by mosses and soils before reaching streams (Petrone
et al. 2007; Forsum et al. 2008). Therefore, it seems more likely
that the observed declines in stream DIN are closely linked to
catchment processes that are altered by ongoing climate
trends (Kaste et al. 2020).

By comparison, it is less clear whether and how recovery
from atmospheric deposition is influencing trends in stream
DIP. For example, it is possible that declines in DIP reflect an
increase in P adsorption as the catchment recovers from sul-
fate deposition, which peaked in the late 1970s (Laudon
et al. 2021a). We observed widespread declines in stream S-
SO4 across the KCS (Supplementary Fig. S3), which could
decrease the competition between sulfate and P in soil adsorp-
tion processes, specifically those involving aluminum (Al) and
iron (Fe), thus elevating the P-binding capacity of soils
(Geelhoed et al. 1997). However, it is important to note that

we were not able to correlate the magnitudes of DIP and SO4

trends across the different sub-catchments. Alternatively,
adsorption rates could be enhanced by acidic conditions in
organic soils (Giesler et al. 2005), where lower pH can increase
P adsorption (McDowell et al. 2002). And although it is well
documented that northern Sweden never reached a state of
chronic acidification (Bishop et al. 2000), the KCS sub-
catchments remain naturally acidic throughout the year
(pH range from 4.4 to 6.6) and pH does not show any statisti-
cally significant recovery trend (p > 0.05) for the period. How-
ever, there is still a discrepancy among studies on the
relationship between pH, P sorption, and declines in surface
water P concentration as both positive (Baker et al. 2015) and
negative (McDowell et al. 2002) relationships have been
reported in acidic solutions. In the end, a combination of
lower rates of biological mineralization, increased activation
of Al and Fe sinks, and reduced competition with sulfate for
adsorption (McDowell et al. 2002; Giesler et al. 2005) could all
have an impact on P retention in soils, with consequences for
DIP supply to streams. Clearly, further empirical studies are
needed to resolve which of these alternatives are most impor-
tant and identify the linkages between soil P cycling and
stream chemistry. This is particularly important during winter,
as this is a time when DIP trends are strongest—and a time
that is projected to change most in the future (Teutschbein
et al. 2015).

Ecosystem implications
The widespread decline in DIP and DIN, concurrent with

the increase of DOC in almost all sites in the KCS has funda-
mentally changed the stoichiometry of resource supply to
streams. Firstly, for some streams, the N : P molar ratio is
decreasing, suggesting that N is declining faster than P, as
observed in lakes across this region (Isles et al. 2018). While
this change in DIN : DIP is not as widespread in the network,
if analyzed by season, we see that the strongest declines occur
during the most important time of the year for aquatic pro-
ductivity (July–September; Supplementary Fig. S2). Given the
role of N as a limiting nutrient in lakes (Isles et al. 2020) and
streams (Burrows et al. 2021) in this region, these trends point
to a strengthening of N deficiency which could lead to
declines in aquatic productivity in these ecosystems. Further-
more, decreasing trends in DIN : DON ratios suggest that bio-
logical N demand in these streams and lakes may need to be
increasingly met by organic forms. While there is evidence
that browning trends can be linked to increased availability of
nutrients to support aquatic productivity (Bergström and
Karlsson 2019), it is not clear whether and how organic N
may compensate for losses of DIN in these ecosystems. Esti-
mates of DON bioavailability in this region indicate that
ca. 20–25% of this pool is biologically reactive (Soares
et al. 2017), but the implications of increasing reliance on this
as an N source for aquatic processes and communities may
depend on environmental conditions (Wymore et al. 2015)
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and remain poorly understood. For that matter, several KCS
sites are also showing declines in DON, which collectively sug-
gests that these already N-limited ecosystems are receiving less
and less of this critical resource.

Finally, we found the strongest trend in the balance between
the supply of organic energy vs. nutrients, with DOC : DIN and
DOC : DIP ratios increasing in the majority of the streams.
While these changes could reflect the direct influence of increas-
ing DOC on these nutrient pools via upregulated immobilization
(sensu Taylor and Townsend 2010), we did not observe any
obvious relationship in the magnitudes of nutrient decline and
DOC increase across sites in the KCS. The potential for direct
causal links between trends in DOC and inorganic nutrients
deserves more attention. Currently, however, our results point
toward independent sets of drivers acting on all three solutes,
with DOC likely regulated by SO4 decline (Fork et al. 2020), DIN
linked to biological processes in the catchment, and P likely con-
nected to geochemical changes in near-stream soils. Regardless
of these mechanisms, the observed imbalance in energy
vs. nutrient supply could have long-term effects on the oli-
gotrophication process (i.e., decline of nutrients and ecosystem
productivity) in KCS streams, since most are becoming richer in
organic carbon but poorer in inorganic nutrients. Several studies
have demonstrated the importance of interactions among N, P,
and DOC stream water concentrations in freshwater systems
(Francoeur 2001; Elser et al. 2007; Bechtold et al. 2012; Peñ-
uelas et al. 2012) where there are strong ecological and bio-
geochemical connections among these elements (Dodds
et al. 2004). For example, declines in inorganic N and P
could influence C cycling in streams either by limiting or
co-limiting nutrients for primary production (Burrows
et al. 2021) and heterotrophic respiration (Burrows
et al. 2015) and/or by altering how these nutrients facilitate
litter decomposition (Maranger et al. 2018).

Conclusion
Widespread increases in nutrient inputs to aquatic ecosys-

tems are responsible for a litany of unwanted water quality
outcomes (i.e., eutrophication) and thus rightfully receive
much attention from scientists and managers alike. Yet, for
large parts of the global north, water chemistry trends are
often not directly shaped by anthropogenic nutrient loading,
but instead are more subtly altered by catchment responses to
environmental change operating at larger scales (Davis
et al. 2013). While these aquatic systems may be far removed
from population centers, they nonetheless provide important
ecosystem services, including the support of economically and
culturally important food webs. Our 13-year dataset provides
insight into the how ongoing environment change at high lat-
itudes, including climate warming and the legacy of atmo-
spheric deposition, may modify the supply of key elements
essential for the growth and reproduction of aquatic organ-
isms. There is clearly uncertainty regarding the proximate

mechanisms driving these trends, and further research into
the soil processes that mediate connections between northern
streams to their catchments is needed. Despite these limita-
tions, our results show clear declines in inorganic nutrient
concentrations that are concurrent with increases in DOC
across this boreal stream network. Compared to our relatively
deep understanding of the eutrophication process, we know
little about how oligotrophication may alter aquatic commu-
nities and ecosystems, and even less about how concurrent
increases in DOC supply may mediate such responses. Our
observations raise the strong potential for declines in autotro-
phic productivity in these systems, but may also signal the
emergence of compensatory processes, including greater use
of organic nutrients and/or upregulated rates of nitrogen fixa-
tion. Either way, the future of these northern rivers and the
food webs they support seems to hinge on how they respond
to an environment that is poorer in inorganic nutrients and
richer in dissolved organic matter.

Data availability statement
All data are available for download from the KCS database

(https://data.krycklan.se/).
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Abstract
Forest management in drained forested peatlands can negatively affect water 
quality due to the increase in exports of organic matter and nutrients. Therefore, 
new methods to alleviate this impact are needed. In laboratory conditions, bio-
char has been shown to be a strong sorbent of organic and inorganic nutrients 
due to its high surface area and ion- exchange capacity. However, evidence of 
the adsorption capacity in field conditions is lacking. Here, we studied the water 
purification performance of two different biochar feedstocks (wood-  and garden 
residue- based) in a 10- day laboratory experiment where we incubated biochar 
with runoff water collected from drainage ditches in clear- cut peatland forests. 
We measured changes in pH and concentrations of inorganic phosphorus (PO4), 
total dissolved nitrogen (TDN), and dissolved organic carbon (DOC). The biochar 
with the best adsorbent capacity in the laboratory experiment was then tested in 
field conditions in a replicated catchment- scale experiment, where both clear- 
cutting and ditch cleaning were performed. We determined the nutrient concen-
tration of water at the inlet and outlet of biochar filters placed in outflow ditches 
of four catchments. We found that under laboratory conditions wood- based bio-
char efficiently adsorbed TDN and DOC, however, it released PO4. Furthermore, 
we found that the biochar filters reduced TDN and DOC concentration in field 
conditions. However, the percentage decrease in concentration was dependent 
on the initial concentrations of nutrients in the water and could be considered 
low. Moreover, we found that the biochar in the filters increased in TN content 
over the course of the experiment. This suggests that a wood- based biochar filter 
has the potential to be a water protection tool for reducing the export of nutrients 
from catchments with high nutrient concentration. And that the biochar from the 
ditches could be applied back to the regenerating forest catchment as a potential 
soil amendment, closing the nutrient cycle.

K E Y W O R D S

biochar, dissolved organic carbon, forest management, nitrogen, nutrient adsorption, 
phosphorus, water quality

https://doi.org/10.1111/gcbb.13131
www.wileyonlinelibrary.com/journal/gcbb
mailto:
https://orcid.org/0000-0002-7368-6328
https://orcid.org/0000-0003-2447-609X
https://orcid.org/0000-0001-9963-4748
http://creativecommons.org/licenses/by/4.0/
mailto:virginia.mosquera@slu.se
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fgcbb.13131&domain=pdf&date_stamp=2024-02-06


2 of 14 |   MOSQUERA et al.

1  |  INTRODUCTION

In Sweden, 15% of peatland areas are influenced by for-
estry (Vasander et  al.,  2003) and are thus affected by 
forest management activities such as clear- cutting har-
vest followed by ditch cleaning. Clear- cutting and ditch 
cleaning in drained forested peatlands often deteriorates 
water quality due to the increased export of organic mat-
ter, nutrients, and suspended solids (Joensuu et al., 2002; 
Kaila et  al.,  2014; Nieminen et  al.,  2017; Nieminen & 
Penttilä,  2004). Specifically, increased concentrations of 
dissolved organic matter (DOC) and nutrients such as ni-
trogen (N) and phosphorus (P) to downstream freshwater 
ecosystems could lead to notorious alterations of streams 
and lakes such as brownification (Kritzberg et al.,  2020; 
Monteith et  al.,  2007) and eutrophication accompanied 
with algae blooms (Smith & Schindler, 2009).

Large areas of drained peatlands will soon reach har-
vest age in Sweden and Finland (Hytönen et  al.,  2020), 
increasing the risk of diffuse pollution in the near future. 
At present, a wide range of technologies and methods for 
safeguarding water resources have been used to mitigate 
nutrient export loads to watercourses, including sedimen-
tation ponds and peatland buffer areas. However, these 
are either expensive, require large areas, or are rather inef-
ficient in reducing dissolved nutrients export loads, espe-
cially outside the growing season (Hynninen et al., 2011; 
Liljaniemi et al., 2003). Consequently, new scalable tools 
are needed to counteract the negative effects of forest 
management on water quality. A promising solution to 
reduce nutrient exports is adsorption- based purification 
of runoff water using biochar has been proposed (Saarela 
et al., 2020). Biochar is a carbon- rich product made from 
any type of organic material (feedstock) by pyrolysis 
where the organic matter is heated at 300–800°C under 
low oxygen concentrations (Lehmann & Joseph,  2012). 
Biochar has been shown to be an effective nutrient ad-
sorbent (Laird et  al.,  2010) due to its porous structure, 
large specific surface area, and high cation and anion ex-
change capacity (Ahmad et al., 2014; Gwenzi et al., 2017). 
Furthermore, it is also well established that the applica-
tion of biochar to soils can promote soil fertility, which ul-
timately may enhance plant growth (Barrow, 2012; Jeffery 
et al., 2011). Hence, suggesting a potential circular system 
where nutrients successfully captured by biochar could 
then be applied back to forests, adding to the soil carbon 
stocks, and serving as a source of nutrition to trees that 
enhances growth (Palviainen et al., 2020).

The adsorption capacity of biochar varies with the 
properties of the feedstock, the pyrolysis temperature, and 
other manufacturing parameters (Liu et al., 2020; Zhang 
et  al.,  2020). A number of feedstocks including agricul-
tural residues, wood biomass, manure, and solid waste 

have been utilized to produce biochar. Likewise, new 
biochar feedstocks, such as municipal garden residues, 
are currently reaching the market. However, the effec-
tiveness of novel biochar feedstocks in the remediation 
of organic and inorganic contaminants is still uncertain 
(Ahmad et al., 2014). Furthermore, less attention has been 
focused on testing biochar as adsorbents for nutrient re-
moval in an aqueous solution, with the available litera-
ture largely derived from laboratory experiments (Gwenzi 
et al., 2017). Nevertheless, existing experiments with bio-
char from novel feedstocks (e.g., rice straw) show differ-
ent potentials in removing pollutants from water and soil 
environments (Luo et al., 2019). Therefore, understanding 
their potential and risk outside controlled experiments is 
a fundamental question that needs to be answered before 
we can apply this method as a mitigation tool for diffuse 
pollution from forestry.

The effectiveness of biochar in the purification of peat-
land runoff water has several challenges, specifically in 
field conditions. Biochar absorption capacity increases 
when the initial nutrient concentration is high, as for ex-
ample in wastewater (Zhang et al., 2020) or agricultural 
runoff (Laird et al., 2010). Although nutrient concentra-
tion increases after clear- cutting, the concentration of 
solutes remains low in comparison, at least in a Nordic 
context (Palviainen et al., 2014). Furthermore, discharge, 
nutrients, and DOC concentrations vary across weather 
conditions and seasons in peatland forests (Mattsson 
et  al.,  2015), creating unstable conditions with high 
water volume and fluctuating nutrient concentrations. 
Unfortunately, few studies have addressed the use of 
biochar in water protection in peatland forests (Kakaei 
Lafdani et  al.,  2020, 2021; Saarela et  al.,  2020), and to 
our knowledge, there are no studies that have tested the 
biochar adsorption capacity in on- site field conditions. 
Therefore, in order to upscale this technology it is import-
ant to understand the effectiveness and limitations of this 
method in a field context.

In this study, we studied biochar as a water purification 
method both in controlled conditions and in field condi-
tions. The study was conducted in two different phases; 
initially, we (a) evaluated the adsorption capacity of two 
different types of biochars (i.e., wood-  and garden residue- 
based) and (b) assessed the effect of initial nutrient con-
centration on the adsorption capacity of these biochars. 
Subsequently, the biochar feedstock that presented the 
best adsorption capacity in the controlled laboratory en-
vironment was tested in field conditions. Here, we (c) 
tested the biochar adsorption capacity in the field under 
fluctuating solute concentrations, temperatures, and flow-
ing water and (d) examined the role of average inflow 
solute concentration (i.e., outflow from managed catch-
ments with different catchment characteristics) on the 
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adsorption capacity. Changes in water pH, total dissolved 
nitrogen (TDN), phosphate (PO4), and dissolved organic 
carbon (DOC) concentrations were measured throughout 
both experiments, as well as changes in total organic car-
bon (Tot- C), total nitrogen (Tot- N), and total phosphorus 
(Tot- P) in the biochars.

2  |  MATERIALS AND METHODS

2.1 | Study site

Both phases were conducted in the Trollberget 
Experimental Area (TEA), an experimental study site es-
tablished in 2018 to test best practices for forestry man-
agement and develop new methods to mitigate negative 
effects on freshwater ecosystems (Laudon et al., 2021). The 
~60 ha site is located in the boreal zone of northern Sweden 
(64°14′ N, 19°46′ E), approximately 60 km from the Baltic 
Sea coast (Figure 1). The climate is typical for the north-
ern boreal zone, characterized as a cold temperate humid 
type with short and cool summers followed by long dark 

winters. The 30- year mean annual air temperature (1986–
2015) is +2.1°C with the highest mean monthly tempera-
ture occurring in July and the lowest in January (+14.6°C 
and −8.6°C, respectively; Kozii et al., 2020). Snow usually 
covers the ground from the end of October to late April. 
The total annual precipitation averages 614 mm year−1 of 
which approximately 35%–50% falls as snow and 311 mm 
becomes runoff (Laudon et al., 2013). At the TEA, a rep-
licated catchment- scale approach has been established, 
with four side- by- side comparison catchments (Figure 1) 
with two treatments (clear- cut with or without ditch 
cleaning). Ditches were dug during the 1930s with the 
goal of draining forested peatlands to increase forest pro-
duction (Hånell & Päivänen,  2012). To function as in-
tended, ditches may require periodic maintenance or the 
cleaning out of vegetation, eroded soils, or other debris, 
which lowers the water table and consequently changes 
the nutrient dynamics on the site (Hasselquist et al., 2018; 
Laurén et al., 2021). The study catchments have an aver-
age size of 10 ha, an average tree volume prior to clear- cut 
of 270 m3 ha−1, and a ditch density of 166 ± 40 m ha−1. In 
addition, for all catchments a weir has been installed in 

F I G U R E  1  Trollberget Experimental Area (TEA) is located in northern Sweden (left). The green areas are different treatment 
catchments; grey lines mark the ditch networks, and the orange circles are the locations of the biochar filters and water quality monitoring 
sites (outlet weirs) Map lines delineate study areas and do not necessarily depict accepted national boundaries. Map lines delineate study 
areas and do not necessarily depict accepted national boundaries.
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the outlet ditch for water sampling and discharge meas-
urements. In summer 2020, all four catchments were 
clear- cut using standard forestry practice and tree stems 
and branches were removed from the site (i.e., DC1, DC2, 
DC3, and DC4; Figure 1). In September 2021, two of the 
four catchments were ditch- cleaned using a 20- ton crawl-
ing excavator in DC1 and DC3, whereas the ditches were 
left uncleaned in DC2 and DC4 (see Laudon et al., 2021 for 
further details about the catchments).

2.2 | Experimental setup

2.2.1 | Experiment 1: Biochar adsorption 
potential in a laboratory experiment

In the laboratory phase, we tested for adsorption capacity 
of two different biochars, both produced by slow pyrolysis 
at high temperature (i.e., 600°C), known to increase the 
adsorption capacity (Yao et  al.,  2012). The wood- based 
biochar was produced by a local company (Vindekol AB, 
Vindeln Sweden) and manufactured primarily from the 
wood and bark of Pinus sylvestris, and a small portion 
of Picea abies and Betula pendula (hereafter referred to 
as “wood” feedstock; Gundale et  al.,  2016). The garden 
residue- based biochar was made from municipal garden 
residues, primarily shrubs and branches (hereafter re-
ferred to as “garden” feedstock) provided by a municipal 
company (Telge, Södertälje, Sweden). We sieved both bio-
char types to 4–10 mm to homogenize the material and to 
exclude the effect of various particle sizes of biochar in 
the adsorption process (Saarela et al., 2020); afterward, the 
biochar was dried for 12 h at 60°C. We collected 100 g of 
biochar from each feedstock to analyze for difference in C, 
N, and P contents in the biochar.

We conducted the laboratory incubation using the two 
biochars described above, with two different doses (3 and 
12 g) to determine the effect of biochar dose on the adsorp-
tion rate and capacity and two different initial nutrient 
concentration in the water. Each treatment was replicated 
four times. In order to get two different initial nutrient 
concentration in water for the laboratory experiment, we 
collected samples from ditches draining two catchments 
with different landscape characteristics; one water source 
was a former forested, clear- cut catchment and the other 
was a drained peatland 1 km from TEA. After collection, 
the water samples were refrigerated and transported to the 
laboratory, upon which it was frozen until further process-
ing. Due to a delay in the garden residue biochar delivery, 
the collection of runoff water was done in two different 
sampling occasions, May and August 2021, unfortunately 
resulting in slightly different initial concentrations be-
tween the wood and garden residue experimental setup. 

In both catchments, the average initial nutrient concen-
tration was slightly higher in May (e.g., 6 ± 0.5 μg L−1 PO4, 
1 ± 0.01 mg L−1 TDN and 50 ± 0.2 mg L−1 DOC) than in 
August (e.g., 4 ± 0.3 μg L−1 PO4, 0.5 ± 0.02 mg L−1 TDN, and 
30 ± 0.2 mg L−1 DOC). Upon the start of the experiment, 
water was thawed, allowed to stabilize at room tempera-
ture (+20°C), standardized mixed among replicates, and 
kept at constant temperature throughout the experiment. 
We then added either 3 or 12 g biochar into 2000 mL glass 
jars, with four replications of each biochar dose for the 
two different water types. In addition, four glass jars 
contained only water without biochar as blank controls. 
Thereafter, 1500 mL of water from the field site was added 
to each jar and 35 mL of water was taken to measure the 
initial element concentration in each jar. Jars were cov-
ered with aluminum foil and placed on a platform shaker 
at 105 rpm for 10 days. Subsequently, 35 mL of water was 
sampled from each jar at the following time points: 1, 2.33, 
5.5, 25, 28, 46, 49, 70, 145, 169, 196, and 215 h from the be-
ginning of the experiment (Saarela et al., 2020). After sam-
pling, water was filtered (0.45 μm Millipore) immediately 
after collection and stored in acid- washed high- density 
polyethylene (HDPE) bottles. Samples for DOC and TDN 
were refrigerated (+4°C) and analyzed within 3 days after 
collection. Samples for PO4- P were frozen (−20°C) imme-
diately after subsampling and stored for later analysis.

DOC, TDN, and PO4 concentration change in water was 
measured to determine the adsorption of nutrients onto 
the biochar, calculated as follows (Saarela et al., 2020):

where Adst is the cumulative adsorption of the nutrient 
(mg g−1 biochar), Cini is the initial concentration of the nu-
trient (mg L−1 or μg L−1), Vini is the water initial volume (L), 
Ct is the concentration of the nutrient in time t (mg L−1 or 
μg L−1), Vt is water volume at time t, Ck is the concentration 
of the nutrient in previous sampling occasion at time k, 
Vsample is the volume of water sample in each sampling occa-
sion (35 mL), and mbiochar is the biochar mass (g). Moreover, 
cumulative adsorption was calculated for each time step 
during the experiment.

2.2.2 | Experiment 2: Biochar adsorption 
potential in field conditions

After evaluating the biochar feedstock for nutrient ad-
sorption in the laboratory, the biochar that adsorbed the 
most nutrients was chosen to upscale the experiment to 
field conditions. The biochar was placed in jute sacks 
(Granngården AB, Malmö, Sweden) and placed in the 

Adst =

�

CiniVini − CtVt
�

−
∑t

k=ini

�

CkVsample
�

mbiochar

,
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ditches that drain the four experimental catchments 
(i.e., DC1, DC2, DC3, and DC4, n = 4). We expected dif-
ferent solute concentration in the runoff from the catch-
ments with ditch cleaning and the catchments without 
ditch cleaning (Nieminen et al., 2018), therefore testing 
the effectiveness of biochar adsorption with different 
nutrient concentrations in field conditions. Sacks were 
filled with approximately 100 L of biochar and 4–5 sacks, 
depending on flow and geomorphology, were placed in 
each catchment outlet aimed to direct the ditch water 
flow through the biochar and to avoid bypass flow 
around and under the sacks. Water sampling points in 
the ditch were established at the weir above the biochar 
(inlet) and ~1 m below the biochar (outlet). Water sam-
ples were taken daily for the first 2 weeks after ditch 
cleaning operations (September 27–October 10) and 
twice a week until ditch water froze (November 3). All 
samples were collected in acid- washed high- density 
polyethylene (HDPE) bottles, filtered in the laboratory 
(0.45 μm Millipore) within 24–48 hours, and stored as 
described before for further analysis.

2.3 | Laboratory analyses

In both experiments, water quality variables were meas-
ured to determine the nutrient recovery from the runoff 
water. DOC and TDN concentrations were determined 
using the combustion catalytic oxidation method on a 
Shimadzu TOC VCPH analyzer (Shimadzu, Duisburg, 
Germany; Blackburn et  al.,  2017). PO4

3− was accounted 
as the dissolved inorganic phosphorus (DIP) and was 
quantified colorimetrically using a Seal Analytical 
Autoanalyzer 3 HR and following method G- 297- 03 
(SEAL Analytical, 2023). Water pH was measured with a 
pH meter (Mettler Toledo MP220). In addition, the C, N, 
and P concentrations in the biochars were analyzed using 
a Leco TruMac CN analyzer.

2.4 | Statistical analyses

All statistical analyses were conducted in R (R Core 
Team, 2022) and significance levels were set at p < 0.05 
for all tests. Response variables for both experiments 
consisted of dissolved nutrient concentration in water 
(mg L−1 TDN and DOC and μg L−1 PO4- P) and available 
nutrient concentration in biochar (% of Tot- C and Tot- 
N, and mg kg−1 of Tot- P). Water quality data in the labo-
ratory experiment were first evaluated for assumption 
of normality and data were logarithmic transformed 
when necessary to meet this assumption. First, a two- 
way multivariate analysis of variance (MANOVA) was 

used to test the effect of biochar, initial nutrient con-
centration in water, dose, and their interactions on dis-
solved nutrient concentration in water. Wilk's Lambda 
was used in the MANOVA to assess the significance of 
these main factors. Afterward, data were analyzed using 
a one- way analysis of variance (ANOVA), and where 
significance was found, Tukey's Honestly Significant 
Differences (HSD) post hoc comparison was used to 
explore differences among means in the agricolae pack-
age (Mendiburu, 2020). Furthermore, pH data from the 
laboratory experiment and Tot- N, Tot- C, and Tot- P ex-
tracted from the biochar from both experiments could 
not be transformed to meet the normality assump-
tion; thus, these variables were instead analyzed with 
a Kruskal–Wallis nonparametric rank sum test and 
using Fisher's least significant difference (LSD) for the 
post hoc nonparametric test in the agricolae package 
(Mendiburu, 2020).

For the field experiment, we used a linear mixed- effect 
model (LMM) to analyze differences in the concentration 
of PO4, DOC, and TDN between the inlet and the out-
let. The analysis was performed using lme model from 
the nlme package (Pinheiro et al.,  2022). The LMM pro-
vided a nonparametric approach to explain variability in 
the response variables by fixed effects (factors that were 
included in the study design) and random effects, which 
accounted for factors that were not part of the study de-
sign, but possibly affected variability in the concentration 
of PO4, DOC, and TDN between the inlet and the outlet. 
The fixed effects considered in this study were the biochar 
treatment (inlet–outlet) and sampling time (i.e., day num-
ber); the random effects included were catchment ID and 
sampling time to account for repeated measures.

3  |  RESULTS

3.1 | Laboratory experiment: Biochar 
adsorption potential in a controlled 
environment

The initial concentration of total C, N, and P in the two bio-
chars showed significant (p < 0.05) differences (Figure 2). 
The garden residue biochar had higher concentrations 
of N (0.5 ± 0.01%) and P (1288.6 ± 4.1 mg kg−1), but lower 
concentration of C (73.2 ± 2.4%) compared with the wood 
biochar (0.09 ± 0.003% of N, 55.5 ± 11.5 mg kg−1 of P and 
85.7 ± 0.5% of C).

In the laboratory experiment, the results of the mul-
tivariate analysis of variance showed that there was 
a statistically significant effect of biochar feedstock 
(p < 0.01) and initial nutrient concentration (p < 0.01) on 
the combined nutrient variables (PO4, TDN, and DOC). 
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6 of 14 |   MOSQUERA et al.

Specifically, the wood biochar significantly (p < 0.05) 
decreased the concentrations of TDN and DOC of the 
ditch water, while the garden residue biochar did not 
significantly decrease (p > 0.05) the TDN concentration 
and even released DOC (p < 0.05) to the ditch water. 
Conversely, both the wood and garden residue biochars 
increased (p < 0.05) the PO4 in the water (Figure 3). By 
the end of the experiment, the higher dose (i.e., 12 g) 
of wood biochar significantly decreased (p < 0.05) 
the concentration of DOC and TDN in ditch water 
(Figure 3b,c,f,g), on average by 8% and 15%, respectively. 
A lower dose of wood biochar (i.e., 3 g) significantly re-
duced the TDN concentration when the initial N con-
centration was higher (Figure  3b); however, it did not 
significantly affect (p > 0.05) the concentration of other 
elements in the water (Figure 3c,e–g). Here, the reduc-
tion in TDN concentration was slightly higher when 
the initial N concentration in water was higher and for 
DOC the stronger decrease occurred when the initial C 
concentration in the water was lower. The higher dose 
(i.e., 12 g) of garden residue biochar adsorbed C and 
reduced the concentration of DOC (p > 0.05) by 17% in 
ditch water when the initial C concentration was higher 
(Figure  3k) but significantly released DOC when the 
initial C concentration was lower (Figure  3o). Neither 
doses of garden residue biochar significantly changed 
the concentration of TDN (Figure 3j,n). In addition, the 
higher dose of the wood biochar released PO4 into the 
water, significantly increasing (p < 0.05) the concentra-
tion of PO4 from 2.2 to 11 μg P L−1 when the initial P 
concentration in the ditch water was higher (Figure 3a). 
Likewise, the garden residue biochar released P into the 
ditch water and increased (p < 0.05) the concentration of 
PO4 by 111 and by 289 μg P L−1 when the initial concen-
tration of P was low and high, respectively. It is worth 
highlighting that the increase in PO4 concentration in 
water was much higher from the garden residue biochar 
compared with the wood biochar. Finally, the addition 

of both wood and garden residue biochar increased 
(p < 0.05) the pH of the ditch water, for both high and 
low doses. Yet again, the garden residue biochar had 
a larger effect, increasing pH from 5.0 to 7.0, with the 
lower biochar dose and up to 8.0 with the higher dose 
of biochar (Figure 3l,p). The wood biochar reached pH 
of 5.5 and 5.8 with the higher biochar dose, respectively 
(Figure 3d,h).

Regarding temporal responses to biochar addition 
in the laboratory experiment, our results show that, 
for all elements, with a higher initial solute concentra-
tion in water and the addition of a lower wood biochar 
dose, the cumulative adsorption is higher, being the 
highest 2.5 mg C g biochar−1, 0.05 mg N g biochar−1 and 
1.1 μg P g biochar−1, for DOC, TDN and PO4, respec-
tively (Figure  4). However, for PO4 and in some time 
steps for TDN, solutes were released from biochar to the 
water when we added a high wood biochar dose and 
the initial concentration was higher. Both for the wood 
and garden residue biochar, the cumulative adsorption 
of DOC was higher when the lower dose was added, 
reaching the peak adsorption at 145 h after the start of 
the experiment for the wood biochar (Figure 4c,f) and 
at 169 for the garden residue biochar (Figure  4i). For 
the garden residue biochar, the release of all solutes 
happened at some or multiple points with all treat-
ments, showing a strong release pattern for PO4 and 
TDN when the initial solute concentration was higher 
and for DOC when the initial C concentration was 
lower. Specifically, the garden residue biochar released 
between 9.2 and 29.8 μg P g biochar−1 of PO4, between 
0.01 and 0.05 mg N g biochar−1 of TDN, and between 0.1 
and 2.7 mg C g biochar−1 for DOC. Furthermore, both 
the wood and garden biochar adsorbed and released N 
when the initial N concentration was lower. Note that 
unfortunately, due to sampling difficulties, we did not 
have a high initial concentration for TDN when the gar-
den residue biochar was tested.

F I G U R E  2  P (a), N (b), and C (c) concentrations in wood and garden residue biochar. Letters indicate significant differences between 
nutrient concentrations of the different biochars (p < 0.05, n = 4).

(a) (b) (c)
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   | 7 of 14MOSQUERA et al.

Overall, the wood biochar demonstrated the highest 
potential to adsorb nutrients from stream water, spe-
cifically, for TDN and DOC removal. Our results also 
showed that the adsorption capacity increased when 
the initial nutrient concentration in water was higher. 

In contrast, nutrient release from the garden biochar 
into the stream water was higher (i.e., PO4 and DOC). 
These differences justified the use of wood biochar for 
the second experiment, where biochar was tested at the 
catchment level in the field.

F I G U R E  3  Effect of different doses of two different biochar feedstock in water with low and high solute concentration in laboratory 
conditions. Wood biochar (a–h) in higher initial solute concentration (a–d) and lower initial solute concentration (e–h) and garden residue 
biochar (i–p) in higher initial solute concentration (i–l) and lower initial solute concentration (m–p). Letters indicate significant differences 
between biochar doses (p < 0.05). Colors represent the different biochar doses added (control = 0 g, low = 3 g, high = 12 g). The solid line in 
box plots is the median value, box extents are the interquartile range (IQR), and whiskers show the minimum and maximum data points. 
Note that the scales for the y- axes show different magnitudes of concentrations.

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)

(j)

(k)

(l)

(m)

(n)

(o)

(p)
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8 of 14 |   MOSQUERA et al.

3.2 | Field experiment: Biochar 
adsorption potential in field conditions

The efficiency of wood biochar to remove DOC and TDN 
in the field was dependent on the initial concentration of 
the incoming water (p < 0.05), suggesting that the higher 
the concentration of DOC and TDN in the inlet, the higher 
the removal. Experimental catchment DC4 had the high-
est inlet concentration of TDN (2.6 mg N L−1) and DOC 
(95.6 mg C L−1) and was the only site where the water col-
lected at the outlet (downstream) of the biochar filter had a 
significantly lower mean concentration (p < 0.05, Table 1) 
compared with the inlet (Figure 5b,c). For DC4, the mean 
percent of removal over the length of the experiment was 
7% for TDN and 6% for DOC, with a maximum removal of 
20% and 15%, respectively. In DC1- 3, sites with lower inlet 
solute concentrations, the biochar did not significantly 

reduce TDN or DOC. Furthermore, there was no statisti-
cal difference (p > 0.05) between the inlet and outlet con-
centration for PO4 in any of the experimental catchments; 
thus, the biochar filter did not remove PO4. In fact, at DC4, 
there was an average increase in PO4 concentration after 
the biochar filter of 2.4% (Table  1). Finally, the biochar 
filters did not significantly change the water pH (p > 0.05) 
in any of the experimental catchments, remaining on av-
erage acidic (i.e., 4–5).

Furthermore, we analyzed the nutrient content of 
the wood biochar before and after the field experiment 
(Figure 6) and found that the N content of the biochar had 
increased (p > 0.05) from 0.1% (±0.01) before the biochar 
filters were placed in ditches to 0.14% (±0.03) after they 
had been in ditches for 2 months, with no statistical dif-
ference between catchments (p > 0.05). Thus, there was an 
average increase of 45% in the N content of the biochar. 

F I G U R E  4  Cumulative adsorption by two doses of two biochar feedstock in the laboratory experiment that included water with low 
and high solute concentrations. The left side of the figure includes adsorption in wood biochar (a–f) in higher initial solute concentration 
(a–c) and lower initial solute concentration (d–f) and (g–l). The right side of the figure shows adsorption in garden residue biochar in higher 
initial solute concentration (g–i) and lower initial solute concentration (j–l). Colored numbers indicate the time step and highest adsorption 
capacity. Colored circles represent the average between replicates and shadowed area is the standard error. Values over zero indicate 
adsorption, while values below zero indicate release.
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   | 9 of 14MOSQUERA et al.

However, the percent of C and P in the biochar did not 
change over the course of the field experiment (p > 0.05).

4  |  DISCUSSION

We tested different feedstocks of biochars, both in the lab-
oratory and in the field conditions as a method to reduce 
nutrient exports to water courses from managed forested 
catchments. Forest management activities such as clear- 
cut, commonly occur across high- latitude landscapes and 
typically affect DOC, N, and P exports affecting trends of 
brownification and eutrophication downstream.

4.1 | Adsorption capacity of two 
feedstock biochars in a controlled 
environment

Our results from the controlled laboratory experiment 
showed that higher doses of wood biochar effectively ad-
sorbed TDN and DOC, although with lower cumulative 
adsorption, and released PO4. The garden residue biochar 
also released PO4 and was not efficient in the adsorption 
of any nutrient. Our results support previous studies, 
where feedstock is one of the key parameters controlling 
the adsorption properties (Ahmad et al., 2014) and nutri-
ent adsorption capacity (Gai et al., 2014). The reduction 
in DOC and TDN concentration in solution could be ex-
plained by a wood biochar with large specific surface area, 

high porosity, and active sites on the adsorbent surface 
interacting with the arriving organic molecules from DOC 
and the organic part of TDN (i.e., dissolved organic nitro-
gen DON) (Lee et al., 2018). TDN reduction can also be 
explained by the capacity of the biochar to adsorb ammo-
nium (NH4

+) and nitrate (NO3
−), as TDN is a combined 

measure of the inorganic (i.e., NH4
+ and NO3

−) and the 
organic fraction of N (i.e., DON). Specifically, biochars 
are known to be an effective adsorbent for NH4 (Yin 
et  al.,  2017) because of its negative surface charges due 
to carboxylate and phenolate groups (Liang et al., 2006), 
which enhances the ability to adsorb and retain cations 
(Gai et al., 2014; Novak et al., 2009). However, the NO3

− 
adsorption capacity of biochar is less clear, with compara-
ble studies showing somewhat opposite effects, such as 2 
out of 13 biochars absorbing NO3 (Yao et al., 2012), none 
of the biochar types being able to adsorb NO3 (Hollister 
et al., 2013) or even release of NO3

−from the biochar to 
solution (Gai et  al.,  2014). Nevertheless, Kakaei Lafdani 
et  al.  (2021) found NO3

− adsorption by wood biochar 
from clear- cut boreal forest runoff, arguing that the dis-
crepancy in results could be explained by pyrolysis con-
ditions and different initial N concentrations (Gundale 
& DeLuca,  2006). Furthermore, our results showed that 
for both biochar feedstocks, PO4

3− was not only not ad-
sorbed, but showed a net release back to the water. This 
may be attributed to the solubilization of ash residue en-
riched with P, given that the pyrolysis temperature for 
the preparation of both biochar samples was lower than 
the required 700–800°C temperature for P volatilization 

Mean inlet 
concentration ± SE

Mean outlet 
concentration ± SE

Mean 
removal p- value

PO4 (μg P L−1) (μg P L−1) (%)

DC1 17.9 ± 1.3 17.5 ± 1.4 −2 n.s.

DC2 31.7 ± 3.1 30.8 ± 3.3 −3 n.s.

DC3 12.5 ± 1.1 11.6 ± 1.2 −7 n.s.

DC4 10.7 ± 0.8 11.0 ± 0.9 +2 n.s.

TDN (mg N L−1) (mg N L−1) (%)

DC1 0.9 ± 0.04 0.9 ± 0.04 0 n.s.

DC2 1.9 ± 0.08 1.8 ± 0.08 −1 n.s.

DC3 1.3 ± 0.06 1.3 ± 0.05 −2 n.s.

DC4 2.6 ± 0.03 2.4 ± 0.02 −7 <0.01

DOC (mg C L−1) (mg C L−1) (%)

DC1 35.3 ± 1.0 34.9 ± 1.1 −1 n.s.

DC2 69.0 ± 1.6 68.0 ± 1.2 −1 n.s.

DC3 41.5 ± 1.3 40.8 ± 1.2 −2 n.s.

DC4 95.6 ± 1.4 89.7 ± 1.7 −6 <0.01

Note: Percent removal is calculated in each time step and averaged. Negative values represent removal 
and positive values represent release. p- value is based on linear mixed- effect model for PO4, DOC, and 
TDN. The bold values show the significance level, p < 0.01.

T A B L E  1  Average inlet concentration 
of PO4, TDN, and DOC for all 
experimental catchments at TEA.
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10 of 14 |   MOSQUERA et al.

(Deluca et al., 2015). However, Yao et al. (2011) did find 
the removal of PO4

3− from aqueous solution by biochar 
converted from anaerobically digested sugar beet. Both 
types of biochar used in our study, in higher and lower 
doses, increased pH significantly, turning the solution 
basic, and therefore, potentially improving further the 
adsorption of organic nutrients into the biochar (Ahmad 
et al., 2014) by increasing the net negative charge on the 
surface due to the dissociation of phenolic- OH group (Xu 
et al., 2011).

The laboratory experiment also showed that wood 
biochar has the potential to mitigate the environmental 
impact of forestry by removing organic C and N from run-
off waters. Specifically, the reduction in DOC is gaining 

more importance in boreal freshwater ecosystems due to 
an ongoing brownification trend, with implications to the 
structure and function of aquatic ecosystems (Kritzberg 
et  al.,  2020). Furthermore, the reduction in N export 
would decrease the risk of eutrophication of freshwater 
ecosystems, as N and P are the main limiting elements 
to regulate aquatic productivity and accompanied algal 
bloom (Smith & Schindler, 2009). However, we also found 
that the novel garden residue biochar has the potential to 
increase the concentration of P in solution, consequently 
becoming a risk to freshwater ecosystems, by increasing 
the concentration of a main limiting nutrient (P) that 
could trigger eutrophication processes in receiving water-
ways. Therefore, to upscale a specific novel feedstock to 
field conditions as a mitigation tool for nutrient leaching 
from anthropogenic activities it is of utmost importance to 
consider an array of possible collateral effects.

4.2 | Biochar to adsorb nutrients in 
field conditions

In the field experiment, we found that our biochar filter 
was only effective at the removal of TDN and DOC when 
there was a high initial solute concentration. This is likely 
due to an increase in adsorption in response to the in-
creased N availability in the water which improves the 
adsorption of nitrogen compounds onto biochar surfaces 
(Saarela et al., 2020). These results are consistent with our 
laboratory experiment results and results obtained by oth-
ers (Kakaei Lafdani et al., 2021; Saarela et al., 2020), where 
in controlled environments, the higher adsorption rate 
was found when the solute initial concentration in water 
was higher. Yet, even in the catchment with the higher 
solute concentration, the percentage of N removed was 
low (7%) compared with other studies, where the biochar 
was shown to reduce 58% of the TN concentration (Kakaei 
Lafdani et al., 2020). Or, even compared with the increase 
in DOC and TN after clear- cut (i.e., an average increase 
of 42% ± 8 and 56% ± 12, respectively) in our study sites 
(Laudon et al., 2023). However, the observed low adsorp-
tion capacity might be an artifact of our filter setup, par-
ticularly when compared with other configurations such 
as horizontally oriented columns with longer residence 
time (Kakaei Lafdani et al., 2020). Moreover, contrary to 
our results in the laboratory experiment, the biochar fil-
ters did not change the pH of the water flow in any of the 
experimental catchments. This discrepancy suggests that 
a biochar filter design with a longer residence time could 
be beneficial in enhancing pH levels and increasing nutri-
ent adsorption capacity.

Finally, our results agree with other studies that estab-
lish the potential of wood biochar as a water protection 

F I G U R E  5  Nutrient concentrations of water from the inlet 
and outlet of the biochar filter for each experimental catchment. 
Solid lines represent a significant difference between inlet (red) and 
outlet (purple) over time of the experimental catchments according 
to the LMM (p < 0.5). The dotted lines represent non- significant 
relationships. Shape of the points identifies catchments, where 
circle is DC4, triangle DC1, square DC2, and cross DC3.

(a)

(b)

(c)
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tool, specifically for the retention of soluble nutrients (Lee 
et al., 2018; Zhang et al., 2020). However, using the wood 
biochar on- site with a simple setup for the removal of C, 
N, and P from runoff water in managed peatland forests 
could be challenging if the initial solute concentration 
leaching from the catchment is not high enough and dis-
charge fluctuates over time. Yet, further efforts could be di-
rected toward designing a better biochar filter with longer 
residence times. Ultimately, our study supports previous 
findings that a biochar filter in field conditions could be a 
feasible method for purifying runoff water with elevated 
nutrient concentration (Kaetzl et al., 2019; Perez- Mercado 
et al., 2019), with the potential for the most benefit in re-
mediation of forestry outflows with higher nutrient con-
centrations or in agricultural and wastewater outflows 
with considerably higher concentrations. However, fur-
ther development is needed to optimize the system and 
achieve greater reduction in dissolved nutrients.

4.3 | Closing the nutrient cycle

It is well established that biochar addition to soils 
can promote soil fertility and improve soil properties, 
which ultimately may enhance the growth of plants and 
trees (Biederman & Harpole, 2013; Jeffery et al.,  2011; 
Palviainen et  al.,  2020). Pingree et  al.  (2022) suggests 
that the increase in plant growth in boreal environments 
after biochar addition is likely due to direct nutrient 
supply from biochar, hence a higher biochar nutrient 
content could be beneficial. Our results showed that the 
biochar N content increased significantly after 2 months 
of functioning as adsorption- based water purification. 
Therefore, by filtering ditch water, the biochar has the 

potential to become a soil amendment in boreal ecosys-
tems with widespread terrestrial N limitation (Högberg 
et al., 2017); as nutrients (i.e., N) adsorbed onto the bio-
char are easily available for plants when placed in soil 
(Taghizadeh- Toosi et  al.,  2012). This would promote 
a closed nutrient cycle in boreal forest management, 
where nutrients leached from the catchment due to for-
est management activities such as clear- cut could be 
reincorporated to soils in the catchment and enhance 
forest productivity (Gundale et al., 2016). In summary, 
undesirable contaminants in aquatic ecosystems (i.e., 
C and N) can be transformed into desirable nutrients 
in the forest system, which could be used to promote 
growth and therefore C capture. Nevertheless, even 
though our field results revealed that our biochar filter 
reduces TDN and DOC concentration from outflows, 
the percentage decrease is dependent on initial concen-
trations of nutrients in water and could be considered 
low. Therefore, further research is needed to design an 
improved biochar filter to mitigate the impact of forest 
management on boreal aquatic ecosystems. Finally, al-
though not suited for use in cleaning ditch water, the 
garden residue biochar used in the laboratory experi-
ment could also present potential as a soil amendment, 
since it has relatively high levels of N and P as well as 
released PO4, TDN, and DOC back to the solution. Yet, 
more research should be done to establish the desorp-
tion capacity of garden residue biochar in soils.
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