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Abstract: Optimal nutrient pollution monitoring and management in catchments requires an in-depth
understanding of spatial and temporal factors controlling nutrient dynamics. Such an understanding
can potentially be obtained by analysing stream concentration—discharge (C-Q) relationships for
hysteresis behaviours and export regimes. Here, a classification scheme including nine different
C-Q types was applied to a total of 87 Nordic streams draining mini-catchments (0.1-65 km?).
The classification applied is based on a combination of stream export behaviour (dilution, constant,
enrichment) and hysteresis rotational pattern (clock-wise, no rotation, anti-clockwise). The scheme has
been applied to an 8-year data series (2010-2017) from small streams in Denmark, Sweden, and Finland
on daily discharge and discrete nutrient concentrations, including nitrate (NO3 ™), total organic N
(TON), dissolved reactive phosphorus (DRP), and particulate phosphorus (PP). The dominant nutrient
export regimes were enrichment for NO;~ and constant for TON, DRP, and PP. Nutrient hysteresis
patterns were primarily clockwise or no hysteresis. Similarities in types of C-Q relationships were
investigated using Principal Component Analysis (PCA) considering effects of catchment size, land
use, climate, and dominant soil type. The PCA analysis revealed that land use and air temperature
were the dominant factors controlling nutrient C-Q types. Therefore, the nutrient export behaviour
in streams draining Nordic mini-catchments seems to be dominantly controlled by their land use
characteristics and, to a lesser extent, their climate.

Keywords: water quality; concentration—discharge relationship; export behaviour; hysteresis; PCA

1. Introduction

The need for nutrient load reduction from both agricultural and non-agricultural lands to avoid
harmful impacts on groundwater and surface water resources, including eutrophication and hypoxia
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in aquatic ecosystems, is widely recognised [1]. The Baltic Sea is among the most heavily degraded
marine ecosystems worldwide, due in part to excessive nutrient loads [2]. Nordic countries in the Baltic
region also suffer from nutrient pollution issues and their management requires better understanding
of the nutrient sources [3].

Understanding the temporal and spatial mechanisms of nutrient dynamics as well as a diversity
of factors controlling the transfer of nutrients to surface waters is essential for setting targets for water
quality thresholds and providing catchment-scale non-point nutrient pollution mitigation options [4-6].
However, nutrient pollution is particularly difficult to manage, as controlling factors include complex
hydrological and biogeochemical processes and relationships between nutrient sources, forms, and
their transport to surface waters [6-11]. Among the relevant spatial controls of nutrient dynamics, we
can mention the distribution and area of land use pressures on water quality, erodibility, and leaching
sensitivity for sediment and nutrients, available water for transport, and hydrological connectivity
which is related to geology, land use, topography, and climate [12-14]. Discharge and nutrient
concentrations are basic stream measurements for quantifying nutrient export from catchments and
are needed for obtaining an integrated understanding of stream hydrological and biogeochemical
processes [15]. Moreover, assessments of the temporal variability of controls on nutrients transported
by streams and their drivers, including agricultural land use/management, hydro-meteorological
variables, and nutrient pathways [16-18] are important for designing water quality management
strategies [19].

Understanding the complexity of catchment-scale spatial and temporal mechanisms of nutrient
dynamics and loads is difficult and demanding [5,17]. Many studies have investigated the relationship
between discharge (Q) and concentration (C) to characterise the temporal and spatial variability of
nutrient loads and several indicators have been suggested [20-37]. Some earlier studies have proposed
that relationships between C and Q can be described using log-linear relationships. These relationships
can be chemo-static, i.e., constant C across all Q values, or chemo-dynamic with either a positive
relationship defined as enrichment where C increases with Q or dilution when C decreases with
increasing Q [20-22,25,26,32].

Given that a log-linear relationship between C and Q often does not sufficiently capture the
variability of the data, some researches have suggested splitting concentration-discharge (C-Q) curves
at the median flow to analyse the C-Q relationships during low and high flows separately [36,37].
Hysteresis patterns in C-Q relationships have also analysed to identify time lags between C and Q
during runoff events [29,38]. Hysteresis patterns can either be clockwise (higher concentrations at the
rising limb compared with the falling limb of the hydrograph) or anticlockwise (lower concentrations
at the rising limb compared with the falling limb of the hydrograph).

When developing typologies describing similarities in catchment solute exports, there is a need for
including both spatial and temporal controlling factors. To this end, a classification scheme for deriving
typologies from low-frequency (e.g., monthly) water quality data distinguishing between nine different
C-Q relationship types, defined as combinations of export behaviour and the rotational pattern of the
hysteresis has been developed [35]. To be able to better represent catchment and substance-specific
export characteristics, they used C-Q relationships with hydrograph segmentation where C-Q curves
were split at an automatically derived optimal segmentation discharge, and introduced separate C-Q
models for rising and falling hydrograph limbs. Assessing export behaviour and rotational pattern
of the hysteresis based on water quality data in mini-catchments seems promising to gain more
knowledge about C-Q dynamics and their spatial controls. The importance of mini-catchments is due
to the intimate connection between terrestrial and aquatic ecosystems. This is of great significance for
water resource management because small headwater streams markedly influence the downstream
water quality [39].

Therefore, the main objectives of our study were to explore mini-catchment similarity in C-Q
relationships for different N and P forms and to identify spatial and temporal controls on in-stream
nutrient concentrations. We hypothesised that development of a mini-catchment typology can assist
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in informing stakeholders on the expected impacts of climate change, land use change, and nutrient
management for the resulting nutrient losses and eutrophication impacts. To address these objectives,
we investigated daily discharge and discrete nutrient (nitrate, organic N, dissolved reactive P, and
particulate P) concentration data collected over an 8-year period from 87 small streams in Denmark,

Sweden, and Finland.
2. Materials and Methods

2.1. Data and Study Sites

Discharge and nutrient concentration data were obtained from a total of 87 Nordic streams draining
catchments with a size ranging from 0.1 km? to 65 km? in Denmark, Sweden, and Finland (Figure 1).
An 8-year daily record (2010-2017) of stream discharge and weekly to bi-weekly concentration
measurements for nitrate (NO3 ™), total organic N (TON calculated as total N minus NO3 ™), dissolved
reactive phosphorus (DRP) and particulate P (PP defined as total P minus DRP) were available. We used

56 stations in Denmark, 13 in Sweden, and 18 in Finland (Table 1, Table S1).
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Figure 1. Locations of the mini-catchments investigated in the study.

Table 1. Numbers of stations and total number of nutrient monitoring concentrations for N (nitrate and

total organic N) and P forms (dissolved reactive P and particulate P) per year for streams in Denmark,

Sweden, and Finland, including mean, range, and standard deviation (SD).

Number of Nutrient Concentration Observations

Number of .
Stations per Year per Station

Country N forms P forms

Mean Range SD Mean Range SD
Max Min Max Min

Denmark 56 104 276 55 47 105 265 60 44
Sweden 13 186 209 143 16 186 209 143 16
Finland 18 123 200 57 37 120 192 52 36
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The Danish data were extracted from the national monitoring database (ODA) at Aarhus
University [40]. The Swedish data on agricultural catchments were extracted from the river flow
monitoring programs for small agricultural catchments [41]. Data on forested (non-agricultural)
catchments were obtained from the Swedish Integrated Monitoring programme [42]. The Finnish data
were extracted from the hydrological database of the Finnish Environment Institute (SYKE) [43]. Mean
annual precipitation in the study region ranges from 513 mm to 763 mm (standard reference period
1971-2000) and mean daily air temperature between —0.42 °C and 8.84 °C (standard reference period
1971-2000). The climatic characteristics with a resolution of a 0.5 degree grid (50 km) were derived
from a database provided by the Swedish Meteorological and Hydrological Institute (SMHI). Land use
data were reported as percentages of agriculture (including arable and grassland used for agriculture)
and nature (including forested and naturally vegetated land) and were derived separately for each
catchment in Denmark [44], Sweden [41,42], and Finland [45,46] (Table S2). As built up areas and open
water areas (watercourses, ponds, lakes, etc.) are not included, land use values do not necessarily sum
to 100%. Soil characteristics were derived from the 1:5000000 scale FAO Digital Soil Map of the World
(DSMW). Soils were reclassified into 6 classes (Table S3) based on percentages of sand, till, moraine,
sediment, gravel, and organic soil.

2.2. Analysis of Concentration—Discharge (C-Q) Relationships and Classification

We classified nine types of concentration-discharge (C-Q) relationships based on export regime
and hysteresis [35] (Figure 2). We distinguished three export regimes: enrichment (increase of C with
Q), constant (no significant relationship between C and Q) and dilution (decrease of C with Q), and three
hysteresis patterns: clockwise, no hysteresis, and anticlockwise. An export regime showing enrichment
is likely the result of solute mobilisation due to large element storage such as nitrate leaching from
arable soils and mobilisation of legacy nutrients in the catchment [25,47]. A constant export regime
may be indicative of a similar element distribution, fixed source areas, or concurrent hydrological
and biogeochemical processes [26,37,48]. In contrast, dilution regimes are caused by source limitation
such as a decrease in the number of point sources or exhaustion of catchment pools [25]. Clockwise
hysteresis may be related to a fast response to flushing or erosional processes while anticlockwise
hysteresis may be caused by delayed transport processes from, e.g., groundwater and upstream parts
of the catchment [33].

C-Q relationships were specified according to a power-law model (Equation (1)):

C =aQ" 1

where C is concentration, a a coefficient with units of concentration/discharge, Q discharge, and b is a
unitless exponent representing the slope of the log-transformed C-Q relationship. All models were fit
using R-3.6.1 [49] using the nlsLM function in minpack.lm [50]. To better represent specific export
characteristics at catchment scale, we used an automatically derived optimal segmentation discharge
and separate C- Q models for rising and falling hydrograph limbs [35]. We estimated parameters for
four different C-Q models depending on whether the chemical measurement was made on a rising or
falling limb of the hydrograph and if flow was higher or lower than the optimal segmentation value.
We identified export regimes on the basis of modeled concentrations (N = 200, 100 each for rising and
falling limb based on power-law models) considering high/low flow quantiles and hysteresis. Modeled
rather than observed concentrations were used for classification and better comparability between
catchments with differing chemical sampling frequencies.
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Figure 2. Schematic of the concentration—-discharge (C-Q) classification considering both export regime
and hysteresis pattern resulting in 9 types of C-Q relationships. Hysteresis patterns include: clockwise
(concentration (C) at the rising limb (r) is higher than at the falling limb (f)), no hysteresis (no difference
in concentrations at the rising and falling limbs), and anticlockwise (concentration at the falling limb
is higher than at the rising limb). Export regime includes: enrichment (concentration increases with
discharge) and constant (concentration does not change with discharge) and dilution (concentration
decreases with discharge—lower C at high (hQ) than at low discharge (1Q)). Modified from [35].

The analysis of hysteresis patterns was based on discretization of runoff events in long-term
daily discharge time series into rising and falling hydrograph limbs. Runoff events were defined as
consecutive time periods when daily discharge exceeded base flow using the function base flows in
the R package hydrostats [51]. To define rising and falling limbs of the hydrograph, we considered
rising limbs as the periods between the day with the lowest discharge before an event until the peak
flow of the event and falling limbs as the days after peak flow until the lowest flow after the discharge
event. Clockwise hysteresis was identified by higher concentrations on the rising limb. Anticlockwise
hysteresis was identified by higher concentrations on the falling limb. When there were no significant
differences in concentration between the rising and falling limbs of the hydrograph, we assumed that
there was no hysteresis. We classified C-Q types using these models (Equation 1). Hysteresis patterns
were assessed by comparing concentrations on the rising and the falling limb using the Kruskal-Wallis
test (p-value <0.05). To investigate whether hydrological regime has any significant importance for
export regime, linear correlations (R?) between base-flow index (BFI) and the exponent of the C-Q
relationships for NO3~, TON, DRP, and PP were calculated. The BFI was defined as the sum of base
flows divided by the total flow [52] using the function base flows in the R package hydrostats [51].
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2.3. Links between C-Q Types and Catchment Characteristics

C-Q types and catchment behaviour were separately related to climatic characteristics (mean daily
climate norms for precipitation and air temperature between 1971-2000), catchment area, land cover
(agriculture and nature), and soil types (Table S2) in each catchment. To investigate similarity C-Q
relationships and to explore dominant influences on the respective groupings, multivariate analyses of
the C-Q relationships and catchment controls for each of the N and P forms were performed using
Principal Component Analysis (PCA) [53]. PCA is a statistical technique for reducing the dimensionality
of large datasets to increase interpretability while simultaneously minimising information loss [54].
It uses an orthogonal transformation to convert a set of observations of possibly correlated variables into
a set of values of linearly uncorrelated principal components that successively maximise variance [55].
We used a PCA Biplot to simultaneously display information on the observations (C-Q types for each
N and P form) and the variables (catchment characteristics) [53]. Two-dimensional Biplots represent
the information contained in two of the principal components and are an approximation of the original
multidimensional space [54]. Biplots typically display the first two principal component axes because
the first principal component (PC1) always is the direction in space along which projections have the
largest variance and the second principal component (PC2) is the direction, which maximizes variance
among all directions orthogonal to the first [56].

3. Results

3.1. Classification of C-Q Relationships for Nutrient Forms

The results for NO3™ in the Nordic region showed enrichment in 64% of the catchments (Figure 3
and Table 2), a constant relationship for 24% of the catchments, and dilution accounting for the
remaining 12% (Figure 3 and Table 2). Country-specific analysis for NO3~ showed enrichment
dominated in both the Danish (70%) and the Swedish (77%) mini-catchments (Figure 3). In the Finnish
mini-catchments, dilution was also of high importance (39%) (Figure 3). The dominant NOs ™ hysteresis
patterns in the region were no hysteresis (48%) and clockwise (42%), while anti-clockwise occurred
in only 10% of the catchments (Table 2). The Danish mini-catchments showed primarily clockwise
hysteresis patterns (50%), whereas the no hysteresis pattern was most prevalent in the Swedish (62%)
and Finnish (56%) mini-catchments (Figure 3). The regional results for TON differed from those of
NOs;~; a constant C-Q regime type was the dominant behaviour (60%), followed by dilution (24%) and
enrichment (16%) (Figure 3 and Table 2).

Country specific analysis of TON showed constant behaviour dominated in both the Danish (73%)
and the Swedish (46%) mini-catchments (Figure 3). However, in the Swedish mini-catchments, dilution
also was of high importance (39%) (Figure 3). In the Finnish mini-catchments, enrichment (56%) was
the dominant behaviour (Figure 3). The dominant regional TON hysteresis pattern was no hysteresis
(66%), followed by clockwise (31%) and anti-clockwise (3%) (Table 2). The dominant hysteresis pattern
was no hysteresis in Denmark (71%) and Sweden (85%), while the clockwise pattern dominated in
Finland (56%) (Figure 3).

The regional DRP C-Q results showed dominance of constant behaviour for a total of 59% of the
mini-catchments but with a high number of catchments showing dilution behaviour (33%) and very
few showing enrichment (8%) (Figure 3 and Table 2). National patterns for DRP were similar with
dominance of constant behaviour (Figure 3). The dominant hysteresis patterns for DRP in the region
were clockwise (50%), followed by no hysteresis (47%) and anti-clockwise (3%) (Table 2). Clockwise
hysteresis patterns prevailed in Denmark (54%), whereas no hysteresis prevailed in Sweden (54%) and
Finland (56%) (Figure 3).



Water 2020, 12, 1776

7 of 17

NO;
ODenmark OSweden OFinland

s
=)

TON

ODenmark OSweden OFinland

1

w -
Esa E 30
S () p 5 ) 2
:'S_ 20 ﬂ ° E 20 o
o o 1 28 1
Z 4 (= . ) 2 5
13
LG e = E EIE Lllel
o e o ®
TL T2 T3 T4 T5 T6 T7 T8 To TL T2 T3 T4 T5 Te T7 T8 T9
¢-Q type c-Qtype
o Finland e Finland
. °
(=]
° L]
[+] [«]
o (=]
2 2
Sweden Sweden
° . o
(=) L]
e )
° °
° " 3 T
Denmark Denmark
® ®
L ° o®? 'y
©
3’.,5 Q ® Qog, & o®
° “ ° o
il TL T2 13 TA TS T6 T7 T8 T9 e o
%R @ & Sop @
coe®0ay % EEROOETEE | Ccptese %o
) o
DRP PP N
ODenmark [ Sweden OFinland 2 ODenmark O Sweden OFinland 2
a0 a0
£ £
@ 30
£ = ; £ Bl f
S
RS H % 2 20 %
'} gt:Ji 26
2 1
10 2 Y “ .
12 1 1 =
. el =l + L
TL T2 T3 T4 T5 T6 T7 T8 T9 v T T2 T3 T4 T5 T6 T7 T8 T8 y
c-Q type c-Q type
° Finland ° Finland
3 4 °
° ® A o
° o
g 8
Sweden Sweden
s 7E &
® °
e °
° e " b -0
Denmark Denmark
® °
Q
O.%o- It o2 l
o ® . °° 670%p ® o © °
(=3 [
0 © °
B & 9 o O & Km
e |
cmﬁeﬁo oo oS0 o0 - = =

Figure 3. C-Q relationship types (T1-T9) characterising mini-catchments in three Nordic countries:
Denmark, Sweden, and Finland, including nitrate (NO3 ™), total organic N (TON), dissolved reactive
P (DRP), and particulate P (PP), considering export regime (enrichment, constant, and dilution) and
hysteresis patterns (clockwise, anticlockwise, and no hysteresis).

Similar to DRP, C-Q regional relationships for PP were dominated by constant behaviour (69%),
followed by dilution (20%) and enrichment (11%) (Figure 3 and Table 2). No major national differences
could be seen for PP C-Q behaviour (Figure 3). The dominant regional hysteresis pattern for PP in
the region was clockwise (53%) followed by no hysteresis (44%) and anti-clockwise (3%) (Table 2).
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In the Danish mini-catchments, no hysteresis pattern was clearly the most prominent (59%), whereas
clockwise hysteresis dominated in Sweden (54%) and Finland (89%) (Figure 3). Further information on
C—Q relationship types for nutrient forms is provided in supporting material Table S4.

Table 2. Results on the percentage of mini-catchments in three Nordic countries: Denmark, Sweden,
and Finland, considering export regime (enrichment, constant, and dilution) and hysteresis patterns
(clockwise, anti-clockwise, and no hysteresis) including nitrate (NO3 ™), total organic N (TON), dissolved
reactive P (DRP), and particulate P (PP).

Catchments Categorized Based on Export Regime or Hysteresis Pattern (%)

Nutrient

Form Export Regime Hysteresis Pattern
Enrichment Constant Dilution Clockwise No Hysteresis Anti-Clockwise
NO;5~ 64 24 12 42 48 10
TON 24 60 16 31 66 3
DRP 8 59 33 50 47 3
PP 11 69 20 53 44 3

The relationships between hydrological regime measured as BFI and export regime for NO3~,
TON, DRP, and PP were also investigated (Figure S1). Export regime for all four nutrient forms shows
significant relationships to the base-flow (BFI) index (Figure S1). Although statistically significant
relationships were obtained for NO3;~, TON, DRP, and PP, the explanatory power of the linear regression
was often low. The influence of hydrological regime was strongest for TON (R? = 0.45 ) and less so for
PP (R? =0.11), DRP (R? = 0.27), and NO5_ (R = 0.13).

3.2. Associations between C-Q Types and Catchment Characteristics

Bi-plots showing C-Q relationship types and catchment parameters for each of NO3;~, TON, DRP,
and PP are presented in Figure 4. Further information on each PCA is provided in supporting materials
Table S5.

In the PCA analysis for NO3~, PC1 explained 45.2% of the variance, whereas PC2 explained
15.8% (Figure 4A). The most important catchment characteristics for NO3;™ are land use type and air
temperature; for example, enrichment (T1, T2, and T3) is mainly related to agricultural percentage
cover and higher air temperature (Figure 4A). In the case of constant and dilution behaviour (T4-T8)
they are principally related to percentage natural land cover and lower air temperatures. However,
soil type and annual precipitation also seem to be important parameters in case of the two dilution
behaviours T7 and T9 (Figure 4A).

For TON, the PCA analysis showed that PC1 explains 41.9% of the variance (agriculture and air
temperature) and PC2 explains 16.7% of the variance (catchment area and precipitation) (Figure 4B).
Other important explanatory parameters for TON are low annual precipitation for enrichment types
T1 and T2, whereas the constant (T6) and the dilution type (T9) are related to catchments having
high annual precipitation. In case of the enrichment type (T3) larger catchment size is a dominant
controlling parameter and the dilution types (17 and T9) are related to catchment soil type (Figure 4B).

The most important catchment characteristics for DRP are land use types and air temperature,
which were related to PC1 that explained 41% of the variance. PC2, which was related to precipitation
and catchment area explained 16% of the variation (Figure 4C). However, precipitation also seems to
influence enrichment types T1 and T2 and the constant type (T4) (Figure 4C).

As for PP, PC1 explained 40.8% and PC2 17.3% of the variance (Figure 4D). The most important
catchment characteristics are land use types and air temperature for PC1 and catchment area for
PC2. The regime types T1 and T2 are positively related and T8 is negatively related to catchment
area. The constant regime types T4, T5, and T6 are related to a mixed-signal of catchment land
use dominance.
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the clusters.
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4. Discussion

4.1. Classification of C-Q Relationships for Nutrient Forms

The classification of C-Q relationships obtained from low-frequency concentration data in Nordic
mini-catchments according to export regime and hysteresis patterns provided insight into catchment
behaviour and nutrient export patterns. We found a broad range of C-Q types in the catchments,
whereby all C-Q types occur for all nutrient forms investigated with the exception of C-Q type 3
(i.e., enrichment in combination with anti-clockwise hysteresis) which does not occur for DRP and
PP (Table 2). The complete range of C-Q types in our study might be ascribed to the fact that
only statistically significant patterns of enrichment and dilution over the entire discharge range are
considered, while other patterns, which might show non-statistically significant enrichment or dilution,
are summarised as constant. Furthermore, the mini-catchments are very heterogeneous, including
upland and lowland catchments with contrasting hydro-climatic conditions, topography, and land use
and soil types.

Similar to an earlier Finnish study [25], enrichment behaviour (T1, T2, T3) occurs commonly
in catchments with large and relatively homogeneous element stores for nutrients, indicating
transport-limited export. As for NO3;~, enrichment dominated in all countries, suggesting that
high amounts of NO3™ in agricultural catchment soils are readily available for leaching. This finding is
consistent with other studies that showed enrichment for NO3™ in catchments having a high proportion
of agricultural areas [24,35,37,57]. The clockwise hysteresis pattern, which dominated the smaller
Danish catchments, also points to a fast transport of NO3~ from soils to streams, which might be linked
to the dominance of tile-drained arable fields situated near to stream channels [58].

For TON, the differences in response behaviour—constant in Denmark (73%), constant (43%), and
dilution (43%) in Sweden and enrichment in Finland (56%)—might be explained by differences in
catchment sources and pathways. Finnish mini-catchments also had a clockwise hysteresis pattern,
while no hysteresis characterised the majority of Danish and Swedish mini-catchments. This suggests
that the source areas for TON in Finland might be tightly linked to riparian peatlands, whereas
in Denmark and Sweden TON might be transported from more distant soil sources. Enrichment
of TON (T3) can probably also be seen in streams draining dense livestock catchments with high
manure and slurry inputs [35]. Constant behaviour of TON (T4, T5, T6) can result from reciprocal
interactions between different drivers such as simultaneous enrichment and dilution in different
parts of a catchment. Constant behaviour cannot be ascribed to the dominant spatial controls in the
catchments [35]. Nevertheless, our results contrast with another study [47] evaluating variation in C-Q
slopes derived from long-term low frequency N and P measurements that showed strong chemostatic
behavior due to saturation and agricultural legacy effects.

Dilution behaviour (T7, T8, T9) commonly occurs in catchments with source-limited export,
e.g., due to relatively low nutrient storage in non-agricultural catchments. For instance, a general
association between bog (wetland) land cover and dilution caused by denitrification for NO3~ is
consistent with other studies [59,60]. Additionally, high volumes of available water for transport in
wet catchments may cause dilution of TON [35,37]. Dilution behaviour can also be described by the
dilution of downstream agricultural or natural or urban sources by runoff from upstream, more natural
parts of the catchments.

For both DRP and PP, constant behaviour dominated in all mini-catchments in all countries,
suggesting the existence of legacy P sources. For PP, the constant behaviour can possibly be explained
by tight connection of legacy sources with the streams, e.g., stream banks can be a major source of
PP [59,61]. For DRP, in one-third of the mini-catchments a dilution pattern was observed (Table 2).
The dilution behaviour of DRP and PP can be ascribed to natural sources or (down-stream) point
sources, which is consistent with other studies [35,37]. Dilution of DRP in catchments with a high
percentage of agricultural land may indicate source-limited mobilisation of legacy stores in the
catchments. The dilution pattern for DRP may also be attributed to point sources such as scattered
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households since these are often constant throughout the year and hence become diluted during
high-flow periods.

A clockwise hysteresis pattern was found, principally for DRP and PP (Table 2). Clockwise
hysteresis (T1, T4, T7) is a sign of fast responses of particulate and solute export to runoff events [33] and
shows a close relationship or high connectivity between sources and receiving streams. This emphasises
the importance of understanding the contribution of mini-catchments to P mobilisation [62,63].
Clockwise hysteresis of DRP and PP is associated mostly with a small percentage of natural land cover
in the catchment points towards a strong influence of fast and highly connected transport pathways and
point sources. The importance of artificial drainage as shortcuts of P exports has been demonstrated in
many previous studies of water and nutrient losses in agricultural catchments [64,65]. Unfortunately,
no detailed information about the occurrence of artificial drainage systems was available for this
study. Therefore, the impact of artificial drainage on DRP and PP hysteresis patterns remains to be
investigated. Anti-clockwise hysteresis (T3, T6, T9) can be explained by delayed transport processes
due to the transport time within soils, the transport time between source areas and the catchment
outlet as well as in-stream processing [33]. No significant association between the hysteresis patterns
of N forms and catchment characteristics were found in this study. However, the hysteresis patterns
documented for N forms might be explained by retardation of flow in soils, denitrification in wetlands,
and the spatial differences in N losses within the catchment, triggering different response times between
runoff events and N concentrations at the catchment outlets.

The contrasting behaviour of N and P can further be attributed to differences in nutrient sources
such as a stronger influence of non-point sources on N than on P that generally originates from point
sources [35]. Furthermore, differences in chemical properties and thus transport pathways might result
in more homogeneous mobilisation of N from the entire catchment, P being predominantly mobilised
from critical source areas with a high potential for surface runoff and a high connectivity with the river
network [66,67].

4.2. Associations between C-Q Types and Catchment Characteristics

Associations between nutrient signals in different C-Q types and catchment characteristics are
generally explained by a mixture of factors within the catchments related to source/pathways (i.e.,
extent and distribution of nutrient storage), soil properties (e.g., organic or mineral soils), and land use
(cropping systems, agricultural intensity), hydrogeology (i.e., The available water for transport and
hydrological connectivity), and climate (e.g., role of snow melt) and human impacts through drainage
and point source discharges.

A conceptual understanding of the potential controls on in-stream nutrient concentrations
underlying the C-Q classification (Figure 2) can be associated with catchment characteristics (Figure 4).
Our multivariate analysis revealed an obvious association between C-Q classification and land use,
which loaded strongly on PC1 for all nutrient forms. Catchment having the highest proportion of
agricultural land showed dominance of enrichment types for NO3;~, whereas dilution types were
dominant for catchments having high proportions of natural land (forest or mixed types of natural
vegetation) (Figure 4). These findings confirm the results of a study that aimed to elucidate the patterns
and driving factors behind the N fluxes in a set of catchments in Uruguay and Denmark, which differ
in land use and hydro-climatic conditions [68].

Average air temperature was found to be a co-driving parameter with land use for the different
C-Q types and this is in line with air temperature being a strong controlling factor for mineralization of
organic matter in soils, length of growing season, crop yield, and hence for removal of nutrients with
harvest. Annual precipitation was important for TON, giving rise to constant or dilution types (T6 and
T8) when it is high and enrichment types (T1-T3) when it is low (Figure 4B). This suggests different
mechanisms for TON transport across the Nordic region as it can be supply-limited in wetter catchments
but is transport-limited in drier catchments. Annual precipitation exerted an opposite control on DRP
C-Q relationships as higher values were linked to enrichment types and lower values to dilution types
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(Figure 4C). This pattern can possibly be explained by high legacy P stores in agricultural catchments
and the impact of snow and soil frost in the drier, more northerly regions of the Nordic countries.

In Nordic catchments, snowmelt can contribute high amounts of water (up to 70%) to the annual
runoff depending on the local annual climate. Snow and soil frost may affect C-Q relationships in several
ways. In colder Nordic regions, snow accumulates from late autumn and melts in late spring and early
summer. This leads to groundwater dominated discharge minima in February—March and snowmelt
dominated runoff maxima in April-May. As the concentration of dissolved nutrients in streams
depends partly on groundwater discharge, such conditions may strongly affect C-Q relationships and
lead to a prevalence of dilution and anticlockwise C-Q types. Frozen soils often have low infiltration
capacity [69]. Much of the snow melting on top of frozen soils discharges to streams with no or minimal
soil contact, and this leads to low concentrations or dilution of all nutrient forms studied here [70].
On the other hand, snow melting on unfrozen soils can infiltrate and generate runoff of pre-event
water. In such cases, concentrations of both dissolved and particulate bound nutrients might increase
with runoff, just as in rain-generated hydrologic events.

Other studies have also looked at potential links between C-Q parameters and catchment
characteristics. In most cases, correlations were poor [24,57] but these works evidenced relationships
with catchment area, land use, and lithology. Similar to our study, a study in larger catchments in
Scotland [35] did not identify any dominant spatial controls on stream nutrient concentration response
with changes in flow. However, using C-Q typologies to classify catchments based on their export
behaviour could still be used as part of a decision support system for the improvement of monitoring
design and for spatially targeting of catchment scale mitigation measures. For example, in the spatial
targeting of measures, application of transport mitigation measures (e.g., constructed wetlands) may
be appropriate for catchment/nutrient combinations showing enrichment export regimes [71], while
source mitigation measures may be more useful for catchment/nutrient combinations characterised
by dilution export regimes [72]. Further, for enrichment export regimes, a higher frequency of
water chemistry sampling may be appropriate compared with constant (medium-frequency) and
dilution-type catchment/nutrient combinations [73].

The development of catchment typologies based on solute export behaviour and hysteresis could be
useful for the transfer of information from data-rich to data-poor catchments [74], for impact assessment
of climate, environmental and management changes on water quality and for parameterisation
of water quality models [35]. However, finding the association between the typology presented
here and catchment characteristics, e.g., topography, geology, and land use may be challenging
owing to the complexity of different responses to both spatial and temporal mechanisms [5,14].
Within-catchment heterogeneity may also affect the links between catchment characteristics and C-Q
relationships [23,32,75].

4.3. Evaluation of Methodology

Evaluating the limitations and uncertainties of water quality studies may contribute to increased
awareness among watershed managers and policy makers, which in the end may contribute to more
informed decisions. All catchment studies have limitations as well as technical and conceptual
uncertainties that must be addressed. One potential limitation of this study is that catchments have
a rapid response to precipitation inputs and sub-daily hydrographs were not available. However,
the typology presented here is related to seasonal hysteresis patterns not the short terms brehavior
during individual runoff events.

Uncertainties arise from many sources. These could include the way that export regime and
hysteresis patterns are conceptualized and statistically tested, the mathematical functions relating
concentrations to discharge may be an over-simplification of reality, the breakpoints assigned for
modelling concentrations for different discharge quantiles, and how catchment characteristics are
assumed to influence hydrological and nutrient flow processes. Within all of these issues there are
also multiple interactions that may further contribute to uncertainties, and it is very difficult if not
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impossible to address all such issues. Further, uncertainties in input data such as soil map classifications,
land use map classification, flow and concentration data could also contribute to uncertainties that
will propagate to the final classification. In our study, we assumed that the reclassified soil, land use
classes, and concentration data had no uncertainties, but in reality their uncertainty will affect the
correlation between the different soil classes, land use classes, concentration data, and the C-Q types of
the catchments. However, it may be possible to reduce the uncertainty in classification by obtaining a
better understanding of the mini-catchments relative to soil types, land use types and hydrogeology
(e.g., tile drainage) and their respective C-Q types. Thus, for a better representation of areas influencing
in-stream water quality, it might be appropriate to investigate C-Q types in even smaller catchments
(i.e., few hectares) with relatively homogeneous characteristics throughout.

PCA is a good data summary tool when the patterns of interest can be projected onto linear,
orthogonal components. However, PCA also has limitations that must be considered when interpreting
the output: the underlying structure of the data must be linear, patterns that are highly correlated
may be unresolved because all PCs are uncorrelated, and the goal of PCA is to explain the maximum
amount of variance and not necessarily to find clusters [76]. The method of selecting input data for
PCA analysis is also an important factor to consider when interpreting the results.

5. Conclusions

Our work demonstrates the use of a novel nutrient concentration (C) and discharge (Q) (C-Q)
classification [35] on 8 years of water quality data from 87 Nordic mini-catchments situated in Denmark,
Finland, and Sweden. The dominant export regimes for nitrogen (N) were enrichment for nitrate and
constant for total organic N. For phosphorus (P), both particulate P and dissolved reactive P were
characterised by a constant export regime. Clockwise rotational hysteresis patterns dominated for
nitrate, dissolved reactive P and particulate P, whereas a no hysteresis pattern dominated for total
organic N.

As expected, our results showed that catchment land use exerted a dominant control on the
C-Q types. Nutrient export behaviour in streams draining Nordic mini-catchments is determined by
catchment land use characteristics and, to a lesser extent, by climate. All of these factors are important
elements to be considered in future surface water nutrient management plans.
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