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Abstract  9 

Landscape organized (or structured) heterogeneity influences hydrological and biogeochemical patterns 10 

across space and time. We developed landscape indices that describe the spatial configuration of nutrient 11 

sources and sinks as a function of their hydrological distance to the stream (lateral dimension) or to the 12 

outlet (longitudinal dimension) and their intersection with flow-accumulation areas. Using monthly 13 

nitrate, total phosphorus (TP), soluble reactive phosphorus (SRP) and daily discharge (Q) data from 221 14 

rural catchments (1-300 km²) from 2010-2020, we observed higher variability in flow-weighted mean 15 

concentrations in smaller catchments than in larger ones. The variability in landscape configurations 16 

also decreased with increasing catchment size. A landscape configuration index, calculated as mean 17 

arable land use weighted by spatial data on hydrological distance and flow accumulation, improved 18 

prediction of TP and SRP, but not nitrate, compared to the unweighted mean arable land use. We 19 

conclude that landscape configuration influences phosphorus transfer more than nitrate transfer, and that 20 

flow-accumulation zones and riparian areas are critical source areas for TP and SRP, respectively. By 21 

contrast, landscape spatial configuration in the lateral (upslope-downslope) and longitudinal (upstream-22 

downstream) dimensions did not have an identifiable influence on nutrients temporal dynamics. The 23 

indices developed in this study can help design landscapes that minimize diffuse phosphorus losses to 24 

streams and show that landscape management is not a first order control for nitrate losses. 25 

Keywords: landscape; catchment; nutrient; agriculture; nitrate; phosphorus 26 
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1. Introduction 28 

Landscape spatial organization is often assumed to influence hydrological and biogeochemical patterns 29 

across space and time. Topography drives the spatio-temporal dynamics of water flowpaths and 30 

residence times (Beven and Kirkby, 1979). Topography also influences the spatial arrangement of 31 

landscape elements (e.g. agricultural fields, buffer strips, hedgerows, ditches) that can act as sources or 32 

sinks for different forms of soluble and particulate nitrogen and phosphorus (P). The spatial arrangement 33 

of polygonal, linear or punctual landscape elements is called landscape spatial configuration. Interacting 34 

influences of topography on hydrological and landscape patterns thus result in spatially organized 35 

patterns in biogeochemical processes, including processes such as nutrient mobilization, retention or 36 

removal (Bernhardt et al., 2017; Covino et al., 2022; Krause et al., 2017).  37 

Knowledge of topography-driven patterns in hydrological and biogeochemical hotspots at the catchment 38 

scale can help design landscapes that minimize nutrient losses to streams while maintaining an 39 

acceptable level of agricultural production (Casal et al., 2018; Doody et al., 2016; McDowell et al., 40 

2014). This includes the use of techniques for mapping critical source areas (CSA) (i.e. areas where 41 

most diffuse pollution originates, and hence outside of which landscape elements considered as nutrient 42 

sources should be placed) and optimal placement of buffer zones (Dorioz et al., 2006; Schoumans et al., 43 

2014).  44 

Topographic indices derived from Digital Elevation Models (DEM) are often used to locate these areas 45 

(e.g. Djodjic and Villa (2015); Lane et al. (2009)). High uncertainties still exist in delineating CSAs, as 46 

validating them relies on walkover surveys of observable features such as erosion marks, which are 47 

tedious to perform (Reaney et al., 2019). Several studies have attempted to evaluate “expert-based” CSA 48 

delineation with water-quality data across contrasting catchments, but they often relied on few 49 

catchments (Djodjic and Markensten, 2019; McDowell and Srinivasan, 2009; Shore et al., 2014; Thomas 50 

et al., 2016). As an alternative, “data-driven” methods can assess the influence of landscape spatial 51 

configuration on nutrient export (Casquin et al., 2021; Peterson et al., 2011; Van Sickle and Johnson, 52 

2008). These methods use one or several topographic indices as weighting functions of a land-use class 53 

considered as a nutrient source (typically agriculture or arable land use) to assess whether a topography-54 
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weighted land-use percentage predicts nutrient concentrations better than an unweighted land-use 55 

percentage. A significant improvement in predicting them for a large number of catchments is 56 

interpreted as landscape spatial configuration influencing nutrient losses, and the topography-weighted 57 

function can be used to delineate CSAs (Casquin et al., 2021). Such topographic indices typically 58 

combine flow-distance metrics, either to the stream or to the outlet, and flow-accumulation metrics 59 

(Peterson et al., 2011; Staponites et al., 2019, Zampella et al., 2007) and may involve one or more 60 

calibrated coefficients (Casquin et al., 2021; Van Sickle and Johnson, 2008; Walsh and Webb, 2014).  61 

The influence of landscape structured heterogeneity on biogeochemical and hydrological processes may 62 

also influence the temporal dynamics of nutrient concentrations, which are important to consider when 63 

evaluating ecological impacts (Bol et al., 2018; Stamm et al., 2014). According to the concept of 64 

hydrological connectivity, different parts of catchments contribute differently depending on flow 65 

conditions: during the high-flow season or a runoff event, shallow flowpaths become active, while the 66 

contribution to flow of areas distant from the river network or located most upstream increases (Jencso 67 

et al., 2009; Zimmer and McGlynn, 2018). These three components of connectivity are termed vertical 68 

(shallow vs deep), lateral (upslope vs downslope) and longitudinal connectivity (upstream vs 69 

downstream). Using a physically-based parsimonious model, Musolff et al. (2017) showed that a major 70 

driver of dilution, enrichment and constant concentration-discharge patterns (a metric of concentration 71 

temporal dynamics) was structured heterogeneity of sources in relation to their hydrological distance to 72 

the outlet. Their virtual experiments, however, did not identify which dimension of structured 73 

heterogeneity (vertical, lateral or longitudinal) in source gradients were the most influential. Most 74 

studies interpreting concentration-discharge relationships as a function of structured heterogeneity of 75 

sources focus on the vertical dimension, and several of them support this hypothesis with data (e.g. 76 

Botter et al. (2020); Ebeling et al. (2021b); Stewart et al. (2022)). Others have assumed an influence of 77 

lateral gradients in sources on concentration temporal dynamics, such as when land use intensity in the 78 

riparian zone differs from that in the upslope part of the catchment (Musolff et al., 2021; Strohmenger 79 

et al., 2021), or an influence of longitudinal gradients, such as when land use and/or hydrology in 80 
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upstream sub-catchments differ from those in the downstream part of the catchment (Dupas et al., 2021; 81 

Winter et al., 2021).  82 

The research question of the present study was: Does the landscape spatial configuration influence 83 

nutrient concentrations and dynamics in headwater streams? To address this question, we i) 84 

characterized the landscape spatial configuration in 221 headwater catchments (i.e. the spatial 85 

configuration of arable land in the lateral and longitudinal dimension); ii) analysed correlations between 86 

a landscape configuration index and flow-weighted mean concentrations of nitrate, soluble reactive P 87 

(SRP) and total P (TP); and iii) explored relationships between indices of landscape spatial configuration 88 

and the slope of the concentration-discharge relationship. 89 

Nitrate, SRP and TP are the nutrients most commonly monitored in regulatory surveillance programmes 90 

for the European Union Water Framework Directive, due to their role as factors that control 91 

eutrophication (Le Moal et al., 2019). The study area encompasses the Brittany region, western France, 92 

where a large number of small (<300 km²) and independent headwater catchments are monitored 93 

monthly using the same protocol (Guillemot et al., 2021). The study area spans large gradients in land 94 

use, topography, annual runoff (section 2.1.) and has high variability in nutrient concentration dynamics, 95 

but no large discontinuities in physiographic properties as would occur if using a national or continental 96 

database (Frei et al., 2020). Such discontinuities (e.g. contrasting geology) would influence nutrient 97 

concentration dynamics greatly and potentially mask the effect of the landscape spatial configuration 98 

that we wanted to distinguish (Dupas et al., 2020; Guillemot et al., 2021). Finally, the contribution of 99 

diffuse agricultural pollution to nutrient loads is particularly high in this region (Legeay and Gruau, 100 

2014). 101 

2. Material and methods 102 

2.1. River monitoring data 103 

The study area of Brittany (27,000km², Figure S1) is located in the Armorican Massif, which consists 104 

mainly of igneous and metamorphic rocks (schist, micaschist, granite, Fig S2), and has a relatively flat 105 

topography with elevation ranging from 0-385 m above sea level. The area has a temperate oceanic 106 

climatic, with mild temperatures (12°C on average) and a rainfall gradient of 700-1300 mm from east 107 
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to west. Its hydrology is driven mainly by the dynamics of shallow groundwater that develops in the 108 

weathered rock aquifer. It has a marked seasonality, the hydrologically effective rainfall being the 109 

highest in winter. Overland flow is moderate and generated mainly in saturated areas. The wet conditions 110 

and relatively impervious bedrock lead to a high river density given the temperate oceanic climate (1 111 

km.km-1), and to the development of hydromorphic soils along the riparian zone that cover nearly 20% 112 

of the land area (Berthier et al., 2014). Agriculture represents 60% of the land use and is particularly 113 

intensive due to the regional specialization in mixed crop-livestock farming with high livestock 114 

densities. Previous studies have shown that diffuse agricultural sources represent >95% of nitrate and 115 

ca. 70% of P loads in rivers (Dupas et al., 2013; Legeay and Gruau, 2014).  116 

We selected 221 independent headwater catchments (1-300 km², table S1) in which water quality was 117 

monitored as part of the EU Water Framework Directive, and made publically available via 118 

https://naiades.eaufrance.fr/. The water-quality parameters studied here were nitrate, SRP and TP. As 119 

water quality was typically monitored on a monthly basis, we calculated water-quality metrics when at 120 

least 40 concentration data points were available during the 2010-2020 study period. This selection 121 

criterion resulted in 221, 186 and 185 catchments for nitrate, SRP and TP, respectively. Because existing 122 

discharge monitoring stations in Brittany are not necessarily located at the water-quality monitoring 123 

points, we used the geomorphology-based SIMFEN model to estimate daily discharge at the outlet of 124 

each of our study catchments (de Lavenne and Cudennec, 2019). Developed for Brittany, SIMFEN 125 

predicts discharge in ungauged catchments by transposing hydrographs from neighbouring gauged 126 

‘donor’ catchments by convoluting a “net rainfall”  (i.e. the water flowing through the hillslope-river 127 

interface) through the river network of the ungauged catchments (de Lavenne and Cudennec, 2019). 128 

The metrics used to describe nutrient concentrations and dynamics were the flow-weighted mean 129 

concentration (FW-nitrate, FW-SRP, FW-TP), the slope of the linear log(concentration)-log(discharge) 130 

relationships and the ratio of the coefficient of variation of concentration to that of discharge (CVratio). 131 

Concentrations were calculated as flow-weighted means rather than ordinary arithmetic means to 132 

increase the contribution of data points during high-flows (when diffuse sources are dominant) and 133 

decrease the contribution of data points during low-flows (when point sources and in-stream processes 134 

https://naiades.eaufrance.fr/
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may play a larger role). The slope of the linear log(concentration)-log(discharge) relationship and the 135 

CVratio are commonly used variables to characterize nutrient export regimes and export patterns 136 

(Musolff et al., 2015; Liu et al., 2022).  137 

2.2.Landscape indices 138 

We used two categories of landscape indices, to assess the influence of landscape spatial configuration 139 

on mean nutrient concentrations and seasonal dynamics. The first was the landscape configuration index 140 

(Casquin et al., 2021; Peterson et al., 2011), which aims to predict flow-weighted mean concentrations 141 

of nitrate, TP and SRP as a function of the distance of their sources to the stream and their intersection 142 

with flow-accumulation zones. The second category of landscape indices consisted of two metrics that 143 

describe the spatial configuration of nutrient sources in the lateral (upslope-downslope) and longitudinal 144 

(upstream-downstream) dimensions. The lateral and longitudinal configuration indices aim to test the 145 

hypothesis that the spatial arrangement of sources in those dimensions influences nutrient dynamics. 146 

For both categories of landscape indices, we considered the configuration of arable land as a nutrient 147 

source, as we selected study catchments in which diffuse agricultural contamination is the dominant 148 

source of contamination in rivers (Guillemot et al., 2021).  149 

The landscape configuration index (LCI) was calculated as a single value for each catchment, as a 150 

weighted-mean percentage of arable land use. The weighting function is a topographic index that 151 

combines two variables derived from a DEM and two coefficients to optimize (a and b): 152 

𝐿𝐶𝐼(𝑎, 𝑏) =

∑ (
𝐹𝑙𝑜𝑤𝑎𝑐𝑐𝑖

𝑎

𝐿𝑎𝑡𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒𝑖
𝑏 ∗ 𝑎𝑟𝑎𝑏𝑙𝑒𝑖  )𝑖

∑
𝐹𝑙𝑜𝑤𝑎𝑐𝑐𝑖

𝑎

𝐿𝑎𝑡𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒𝑖
𝑏𝑖

  [1] 153 

where, for each pixel “i” in a given catchment, “flowacci” is the flow accumulation (i.e. the drainage 154 

area of each grid cell), “LatDistancei” is the hydrological distance to the stream and “arablei” is 1 if the 155 

land-use type is arable or 0 if not. For (a=0, b=0), the index equals the percentage of arable land-use, 156 

while for (a=1, b=0) or (a=0, b=1) it equals the percentage of arable land-use weighted by “flowacc” 157 

alone or “1/LatDistance” alone, respectively. 158 
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We varied a and b to maximize the Spearman’s rank correlation between LCI(a,b) and the flow-weighted 159 

mean nitrate, TP and SRP concentrations of the study headwaters. We varied a from 0-6 and b from 0-160 

8, with an increment of 0.1. We restricted the exploration space for a and b so that the weight of the top 161 

5% of pixels could not exceed 95% of the total weight in the region. This avoided finding optimal 162 

coefficient values that would correspond to an unrealistic situation in which only a few pixels would 163 

contribute nearly all the nutrient flux. This approach resulted in 4941 calculations of LCI(a, b), of which 164 

2169 met the latter condition and whose correlations with the flow-weighted mean concentrations were 165 

analysed. We considered that landscape spatial configuration had an influence if it predicted flow-166 

weighted mean concentrations better than the land use composition did (i.e. if at least one pair (a, b) 167 

resulted in LCI(a,b) > LCI(0,0) +0.1). We then examined the top 50 optimal (a, b) to assess the relative 168 

influence of flow accumulation and hydrological distance to the stream in determining CSAs. When 169 

successfully calibrated, the LCI weighting function ∑
𝐹𝑙𝑜𝑤𝑎𝑐𝑐𝑖

𝑎

𝐿𝑎𝑡𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒𝑖
𝑏𝑖   can be used as a nutrient export risk 170 

map and we considered pixels above the 90th percentile of this function to represent CSAs. 171 

The lateral and longitudinal configuration indices were calculated as a single value for each catchment 172 

as follows: 173 

𝐿𝑎𝑡𝐼𝑛𝑑𝑒𝑥 =
∑ (

1
𝐿𝑎𝑡𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒𝑖

∗ 𝑎𝑟𝑎𝑏𝑙𝑒𝑖)𝑖

(∑
1

𝐿𝑎𝑡𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒𝑖
𝑖 ) ∗ 𝑚𝑒𝑎𝑛(𝑎𝑟𝑎𝑏𝑙𝑒𝑖)

 [2] 174 

𝐿𝑜𝑛𝑔𝐼𝑛𝑑𝑒𝑥 =
∑ (

1
𝐿𝑜𝑛𝑔𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒𝑖

∗ 𝑎𝑟𝑎𝑏𝑙𝑒𝑖)𝑖

(∑
1

𝐿𝑜𝑛𝑔𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒𝑖
) ∗𝑖 𝑚𝑒𝑎𝑛(𝑎𝑟𝑎𝑏𝑙𝑒𝑖)

 [3] 175 

where, for each pixel “i” in a given catchment, the variables “LatDistancei” and “arablei” are the same 176 

as in [1] and “LongDistancei” is the longitudinal distance from the entry point to the stream to the 177 

catchment outlet. Because of the normalization by mean(arable), LatIndex >1 indicates that arable fields 178 

are located more downslope, i.e. near the stream network, while LatIndex <1 indicates that arable fields 179 

are located more upslope. Similarly, LongIndex >1 indicates that arable fields are located more 180 

downstream, i.e. near the catchment outlet, while LongIndex <1 indicates that arable fields are located 181 
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more upstream. We analyzed correlations between LCI(a, b) and the flow-weighted mean concentrations 182 

of nitrate, SRP and TP to address research objective (ii), and we analyzed correlation between LatIndex, 183 

LongIndex and the log(concentration)-log(discharge) slopes to address research objective (iii). 184 

2.3. GIS processing 185 

Calculating the landscape indices requires a DEM raster, a map of arable land use and a river network. 186 

We generated the spatial data necessary to calculate the indices using ArcGis 10.8 (ESRI, 2021) and we 187 

performed the raster calculations in R (R Core Team, 2021).  188 

We used a 25 m resolution DEM (BD ALTI, IGN 2018) that served as a reference layer for the 189 

rasterization and alignment of the river network and arable land-use data. The river network data came 190 

from the BD TOPAGE (IGN, 2021), while the reference spatial data for France and the arable land-use 191 

data came from the national Land Parcel Identification System (LPIS). In the LPIS, each parcel 192 

identified as arable at least once from 2010-2020 was assigned a value of arable = 1 and the rest arable 193 

= 0. Thus, agricultural land cover classes such as permanent grassland and orchards were not considered 194 

as sources, but temporary grassland in rotation with row crops was. This binary classification of land-195 

use types may appear arbitrary, but attributing intermediate values to multiple land cover types would 196 

require strong assumptions about their respective influence on nutrient export or a computation-197 

intensive calibration step. Furthermore, previous studies in the same region found a stronger correlation 198 

between nutrient concentrations and arable land use than total agricultural land use (Guillemot et al., 199 

2021). 200 

The DEM was hydrologically corrected by ‘filling’ depressions on hillslopes and ‘burning’ the river 201 

network. We used a multiple flow direction algorithm (Qin et al., 2007) to determine flow accumulation 202 

(log-transformed) and the flow distances. In the ArcGis 10.8 ‘Spatial analyst/Hydrology’ toolbox, we 203 

used ‘Flow Distance’ to calculate LatDistance and the difference between the outputs of ‘Flow Distance’ 204 

and ‘Flow Length’ to calculate LongDistance. To calculate the landscape indices in R, we assigned the 205 

value ‘NA’ to pixels that intersected the river network. 206 

3. Results and discussion 207 
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3.1. Variability in nutrient concentration dynamics and landscape spatial 208 

configuration 209 

The 221 study catchments spanned a wide range of flow-weighted mean nutrient concentrations: nitrate 210 

ranged from 3.0-61.1 mg.l-1 (mean=29.5mg.l-1), SRP ranged from 0.01-0.33 mg.l-1 (mean=0.05mg.l-1) 211 

and TP ranged from 0.1-0.39 mg.l-1 (mean=0.13mg.l-1). SRP represented 16-82% of TP (mean=37%).  212 

Flow-weighted mean concentrations had a higher variability in smaller catchments than in larger ones 213 

(Figure 1). Previous studies have identified the same spatial trend in Brittany (Abbott et al., 2018a; Gu 214 

et al., 2021) as well as elsewhere (e.g. Shogren et al. (2019)). This could be because smaller catchments 215 

may capture the extreme conditions in the study area (related to nutrient source inputs, retention potential 216 

or landscape spatial arrangement), while larger catchments tend to be more representative of average 217 

conditions in the region. While the recent study of Guillemot et al. (2021) identified that land use (along 218 

with the climate, topography and soil type) could explain part of the variability observed, the present 219 

study specifically investigated the influence of landscape spatial configuration on concentrations 220 

(section 3.2) and concentration dynamics (section 3.3). 221 

 222 

Figure 1. Relationships between catchment size and flow-weighted mean concentrations of (a) 223 

nitrate, (b) soluble reactive phosphorus (SRP) and (c) total phosphorus (TP) in 221 headwater 224 

catchments in Brittany (2010-2020). 225 

The CV ratio was <1 for 100%, 98% and 96% of the catchments for nitrate, SRP and TP respectively. 226 

It was <0.5 for 98%, 53% and 43% of the catchments for nitrate, SRP and TP respectively. The lower 227 

variability in concentrations compared to that of discharge, often called chemostasis, is commonly 228 
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observed for many solutes and catchment types (Godsey et al., 2019; Musolff et al., 2015; Thompson et 229 

al., 2011), especially in intensive agricultural catchments with large amounts of legacy nutrients in the 230 

soil and groundwater (Basu et al., 2010).  231 

For the statistically significant (p-value<0.05) C-Q relationships, the slope was positive for nitrate in 232 

most of the catchments (73%), negative for SRP in all catchments and negative for TP in most of the 233 

catchments (86%). Slopes were non-significant in 48%, 47% and 76% of the catchments for nitrate, SRP 234 

and TP, respectively. There were strong correlations between the C-Q slope and CV ratio for nitrate 235 

(positive for positive C-Q slopes and negative for negative C-Q slopes), while relationships between the 236 

C-Q slope and CV ratio were less clear for SRP and TP (Figure 2). 237 

 238 

Figure 2. Relationships between the coefficient of variation (CV) ratio and concentration-239 

discharge (C-Q)-slope for (a) nitrate, (b) soluble reactive phosphorus (SRP) and (c) total 240 

phosphorus (TP) in 221 headwater catchments in Brittany (2010-2020). Round dots indicate 241 

significant C-Q slope (p<0.05) and triangular dots non-significant C-Q slopes (p>0.05). 242 

The most common pattern identified in temperate catchments is a dominance of positive C-Q slopes for 243 

nitrate and negative slopes for SRP and TP (Betton et al., 1991; Ebeling et al., 2021a). Minaudo et al. 244 

(2019) and Musolff et al. (2021) showed that seasonal variations predominantly influenced these 245 

patterns captured with low frequency data. Analysis of high-frequency data in Brittany showed that 246 

nitrate is higher and P lower during the winter high-flow season, despite the prevalence of dilution 247 

patterns for nitrate and accretion patterns at the scale of storm events (Fovet et al., 2018). The large 248 

percentage of non-significant slopes may have been due to this contrasting influence of flow at seasonal 249 
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and event time scales (Minaudo et al., 2019; Moatar et al., 2017). The existence of negative C-Q patterns 250 

for nitrate in contexts of a dominant diffuse source was previously documented in Brittany, but the 251 

factors that control them remain unclear (Guillemot et al., 2021; Martin et al., 2004; Ruiz et al., 2002). 252 

In the literature, C-Q patterns are generally interpreted in terms of i) dominance of point versus diffuse 253 

sources (Abbott et al., 2018b; Ehrhardt et al., 2021; Van Meter et al., 2020); ii) heterogeneity in nutrient 254 

sources and temporally variable hydrological connectivity, especially in the vertical dimension (Botter 255 

et al., 2020; Ruiz et al., 2002; Zarnetske et al., 2018) and iii) biogeochemical processes in- and near-256 

stream, which may remove nitrate and retain/remobilize P forms (Casquin et al., 2020; Lutz et al., 2020).  257 

Like for flow-weighted mean concentrations, we observed higher variability in LatIndex and LongIndex 258 

in smaller catchments than in larger ones (Figure 3). Most LatIndex values were <1, indicating that 259 

arable fields were preferentially located upslope. This spatial distribution of arable fields was expected, 260 

as valley bottoms typically consist of less productive hydromorphic soils in Brittany, while hillslopes 261 

are more suitable for arable crops and intensive temporary grassland (Frei et al., 2020). LongIndex 262 

values were equally distributed on both sides of the y=1 line, indicating no general trend in the 263 

distribution of arable land in the longitudinal dimension, but a high variability in situations, especially 264 

in the smaller catchments. This confirms observations made in other studies (e.g. Bishop et al. (2008); 265 

Bol et al. (2018); Gu et al. (2021)) that studying small headwaters is key to increasing the variability in 266 

catchment conditions when statistically analysing water-quality and catchment attributes such as 267 

landscape indices. For this reason, we limited the analysis of correlations between water-quality metrics 268 

and landscape indices to sub-catchments smaller than 50 km², leaving 148 of the 221 catchments for 269 

subsequent analyses. Using a threshold of ca. 50 km² to study relationships between water-quality 270 

metrics and landscape indices is also justified by the increasing influence of in-stream processes in larger 271 

catchments, which may significantly alter nutrient concentrations and dynamics (Casquin et al., 2020). 272 

Finally, a threshold of ca. 50 km² to analyze headwater variability is consistent with previous work 273 

throughout Europe (Bol et al., 2018; Djodjic et al., 2021). 274 
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 275 

Figure 3. Relationships between catchment size and LatIndex and LongIndex. LatIndex >1 276 

indicates arable fields preferentially located downslope (i.e. near the stream network), while 277 

LatIndex <1 indicates arable fields preferentially located upslope. LongIndex >1 indicate arable 278 

fields preferentially located downstream (i.e. near the catchment outlet), while LongIndex <1 279 

indicates arable fields preferentially located upstream. 280 

3.2. Relationships between the Landscape configuration index and flow-weighted 281 

mean nutrient concentrations 282 

The percentage of arable land use (i.e. the value of LCI(0,0)) had a stronger rank correlation with flow-283 

weighted mean nitrate concentration (r=0.74) than with SRP (r=0.27) and TP (r=0.40). A stronger 284 

correlation between land-use composition metrics and nitrate concentrations compared to P forms is 285 

common in statistical analyses of catchment data (Guillemot et al., 2021; Minaudo et al., 2019). Several 286 

potential reasons have been suggested: i) estimated mean P concentrations have a higher uncertainty 287 

than those of nitrate concentrations, hence mean P concentrations are more difficult to predict with 288 

catchment descriptors than mean nitrate concentrations; ii) point sources of pollution represent a larger 289 

percentage of P export than nitrate export, hence a proxy of diffuse agricultural sources alone cannot 290 

accurately predict P; iii) P is subjected to more complex and spatially variable retention processes than 291 

N, and landscape spatial configuration is one of the factors that control landscape P retention. The LCI 292 
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aimed to test the latter hypothesis by identifying whether (a,b) pairs exist for which 293 

LCI(a,b)>LCI(0,0)+0.1. 294 

Varying the coefficients a and b did not substantially (>0.1) improve the correlation between LCI(a,b) 295 

and flow-weighted mean nitrate concentration, but did improve its correlation with flow-weighted mean 296 

SRP and TP, by +0.29 and +0.21, respectively. We interpret this result as indicating that landscape 297 

spatial configuration influences the export of P more than that of nitrate. This does not mean that 298 

landscape management is irrelevant for reducing nitrate transfer, as other studies have demonstrated an 299 

effect (Casal et al., 2018; McDowell et al., 2014). Instead, it could mean that the effect is too small to 300 

be detected with our method or that relevant landscape configurations that maximize N retention should 301 

consider factors besides those included in the LCI. Our method also may not have detected an influence 302 

of landscape configuration on nitrate because the landscape configurations that actually minimize N 303 

losses did not occur in the study catchments, or the binary classification of land-use types into sources 304 

or sinks was too simplistic. We think, however, that using intermediate source/sink values instead of the 305 

binary approach would result in indetermination problems and obscure the influence of landscape 306 

configuration in the LCI. The lack of a significant influence of landscape spatial configuration on nitrate 307 

transfer is consistent with knowledge on its main transfer pathway via groundwater, which frequently 308 

bypasses landscape buffers that may be present on the surface (Guillemot et al., 2021; Ruiz et al., 2002). 309 

The optimal (a,b) pairs for predicting flow-weighted mean SRP and TP were (1.9, 3.6) and (5.7, 0.3), 310 

respectively, and the top 50 pairs were located in the same area of parameter space for each parameter 311 

(Figure 4). These optimal values differed from (a=0, b=0), (a=0, b=1), (a=1, b=0) or (a=1, b=1), which 312 

shows that, compared to previous landscape indices calculated as arable land weighted by flow 313 

accumulation alone, inverse distance to the stream alone or their ratio (Peterson et al., 2011; Staponites 314 

et al., 2019, Zampella et al., 2007), the addition of calibrated coefficients (a, b) as power-law coefficients 315 

improved prediction of TP and SRP. Both distance to the stream and flow-accumulation influenced SRP 316 

and TP, as also determined by Casquin et al. (2021) in 19 headwaters in Brittany. Thus, current 317 

regulations that consider only the distance to river networks to restrict certain agricultural practices or 318 

encourage the establishment of buffer zones (e.g. the European Nitrate directive and Water Framework 319 
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directive) could be refined by considering flow-accumulation information as well. The optimal (a,b) 320 

pairs for predicting TP and SRP showed greater influence of flow accumulation or distance to the stream, 321 

respectively. The combined effect of both types of topographic data, but a different predominant type 322 

for TP and SRP, was clearly visible in a CSA map created from the >90th percentile of the LCI weighting 323 

function (Figure 5). Greater influence of distance to the stream for SRP and flow-accumulation for TP, 324 

which comprises a majority of particulate P (Dupas et al., 2015), is consistent with current knowledge 325 

on their respective transfer mechanisms. Soluble reactive P is transferred mainly via subsurface 326 

groundwater pathways or runoff on water-saturated soils (i.e. in the riparian zone where the shallow 327 

groundwater can intersect the soil surface during wet periods) (Bol et al., 2018; Dupas et al., 2017; Gu 328 

et al., 2017; Mellander et al., 2015). Particulate P, on the other hand, is more susceptible to transfer via 329 

concentrated erosion processes, which is more likely to occur in flow-accumulation areas (Pionke et al., 330 

1999; Reaney et al., 2019). The two P forms, however, are not independent, because particulate forms 331 

can transform into to soluble forms (and vice-versa) along the transport continuum from soils to streams 332 

and rivers (Bol et al., 2018; Casquin et al., 2020; Gu et al., 2017). Fig S3 shows an optimization of the 333 

LCI for particulate P, approximated as TP-SRP: as expected, the optimal (a,b) pairs lie in the same area 334 

of parameter space as for TP (Fig 4). 335 

Statistical approaches in catchment research often risk finding spurious correlations (Casquin et al., 336 

2021; Guillemot et al., 2021). Here, the fact that optimal (a, b) pairs for nitrate, SRP and TP agreed with 337 

knowledge on their transfer pathways increases our confidence that the correlation represent mechanistic 338 

associations and the CSA map derived from these correlations (Figure 5) could be used for management 339 

purposes. Of course, correlations between the optimized LCI and flow-weighted mean P concentrations 340 

remain modest (r=0.56 and 0.61 for SRP and TP, respectively), as several factors not included in the 341 

LCI have an influence: point sources, characteristics of cropping systems, soil properties, etc. (Frei et 342 

al., 2020; Guillemot et al., 2021). 343 
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 344 

Figure 4. Optimization of the landscape configuration index (LCI) for (a) flow-weighted mean 345 

nitrate, (b) SRP and (c) TP. Black dots represent the top 50 optimal (a, b) pairs to examine 346 

uncertainty in parameter estimation. 347 
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348 

Figure 5. Example of mapping critical source area (red) for (a) soluble reactive phosphorus and 349 

(b) total phosphorus (b) for one subcatchment in the study area.  350 

3.3. Relationships between longitudinal and lateral distribution of arable land and 351 

concentration dynamics 352 

We investigated the influence of landscape spatial configuration on nitrate, SRP and TP concentration 353 

dynamics by examining correlations between indices of longitudinal and lateral distributions of arable 354 

land and the slope of the log(concentration)-log(discharge) relationship. Contrary to our hypothesis, 355 

none of the six relationships was significantly negative (p>0.05), suggesting that the spatial distribution 356 

of nutrient sources in the longitudinal and lateral dimensions did not significantly influence 357 

concentration dynamics (Figure 6). This contradicts recent modelling (Musolff et al., 2017) or 358 

observational studies based on a few catchments (Dupas et al., 2021; Knapp et al., 2022) that suggested 359 

that lateral and longitudinal distributions of sources influenced concentration dynamics. It does support, 360 

however, most studies, which assume that vertical concentration gradients are the main factors that 361 

control concentration-discharge relationships (Botter et al., 2020; Ebeling et al., 2021b; Stewart et al., 362 

2022). Although the vertical dimension showed higher nitrate concentrations in the subsurface in most 363 

situations (e.g. Stewart et al. (2022)), higher concentrations in deeper groundwater were also observed 364 

in research catchments in Brittany, resulting in negative nitrate concentration-discharge relationships 365 

(Martin et al., 2004; Ruiz et al., 2002). According to these studies, these “reverse” gradients can occur 366 
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when the catchments are on a path of recovery, as the deeper groundwater is more contaminated than 367 

the younger shallow groundwater. In addition to spatial gradients of nutrient sources, in- and near-stream 368 

processes can alter land-to-stream temporal dynamics via retention and remobilization processes, which 369 

may mask effects of landscape spatial configuration (Casquin et al., 2020; Jarvie et al., 2011). 370 

Relationships between the C-Q slope, lithology and the 10th percentile of discharge (Fig S4), suggest 371 

that the supply of water during low flow and biogeochemical transformations has a key influence on the 372 

seasonal dynamics of nitrates as captured by the log(concentration)-log(discharge) slope. Previous 373 

research shows that the P concentration dynamics captured with low-resolution data were controlled 374 

mainly by in-stream retention/remobilization processes and the degree of dilution of point sources, even 375 

when the point sources represent a small fraction of annual loads (Abbott et al., 2018b; Casquin et al., 376 

2020; Dupas et al., 2018). Therefore, we conclude that landscape spatial configuration does not control 377 

riverine nutrient dynamics more than the other factors previously identified in the literature. 378 
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 379 

Figure 6. Relationships between the longitudinal and lateral distribution of arable land and 380 

nitrate, soluble reactive phosphorus (SRP) and total phosphorus (TP) concentration dynamics. 381 

Round dots indicate significant C-Q slope (p<0.05) and triangular dots non-significant C-Q slopes 382 

(p>0.05). 383 
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4. Conclusion 384 

This study investigated the influence of the landscape spatial configuration on nitrate, SRP and TP mean 385 

flow-weighted mean concentrations and seasonal dynamics. We used public water quality and discharge 386 

data from >200 small headwaters located within a relatively homogeneous region to limit the influence 387 

of confounding factors besides landscape configuration. We found that studying small (<50 km²) 388 

headwater catchments led to inclusion of high variability in concentrations, landscape composition and 389 

landscape organization. A landscape configuration index that included information on flow distance to 390 

the stream and flow accumulation identified of critical source areas for SRP and TP, but not nitrate. The 391 

predominant influence of flow distance on SRP and flow accumulation on TP, and the lack of influence 392 

of the landscape configuration on nitrate, is consistent with knowledge on the dominant transfer 393 

pathways of these three nutrient forms. This increased our confidence that the correlation represents 394 

mechanistic associations. The CSA maps created from this statistical analysis may thus help design 395 

landscapes that minimize nutrient losses while maintaining arable land for crop production. For 396 

example, one could relocate arable fields outside the CSAs, and widen the buffer strips or increase the 397 

density of hedgerows within the CSAs. By contrast, the lateral and longitudinal distributions of arable 398 

land did not seem to influence nutrient dynamics, which supports results of most previous studies, which 399 

indicate that other factors such as vertical concentration gradients and the degree of dilution of point 400 

sources have more influence. Future research on landscape and nutrient transfers should include a wider 401 

variety of landscape elements, including linear elements such as ditches, hedgerows or other land uses, 402 

while maintaining the simplicity of the parsimonious modelling framework used in this study.   403 

DATA AVAILABILITY 404 

The data and R scripts used in this paper are provided in the supplementary information. 405 
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The R code to compute the Landscape Configuration Index is provided in a .zip file. 597 

Table S1. Catchment properties 598 
 

surface 

area (km²) 

annual runoff 

(mm) 

10% percentile of 

discharge (mm/day) 

%arable land 

use 

minimum 1 163 0 3 

1st quartile 16 263 0.05 44 

median 30 403 0.13 53 

mean 47 436 0.17 51 

3rd quartile 60 593 0.25 59 

max 300 878 0.62 76 

 599 

 600 

Figure S1. Location of the 221 study catchments in the Brittany region (western France). 601 
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 602 

Figure S2. Additional catchments properties: percentage of the catchment area covered by lakes, main 603 

lithology and location of wastewater treatment plants.  604 
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 605 

Figure S3. Optimization of the landscape configuration index (LCI) for particulate phosphorus PP, 606 

estimated as TP-SRP. Black dots represent the top 50 optimal (a, b) pairs to examine uncertainty in 607 

parameter estimation. 608 

 609 

 610 
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 611 

Figure S4. Relationships between the slope of the log(concentration)-log(discharge) slope and 612 

catchments variables: dominant lithology class and percentile 10% of discharge. 613 

 614 

 615 

 616 
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