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We characterised samples from fifty-one sites, group-
ing them into one of three major underlying classifi-
cations: circumneutral streams underlain by clay and 
mudstone (referred to as ‘clay’), alkaline streams 
underlain by Cretaceous Chalk or by Carbonifer-
ous or Jurassic Limestone (‘limestone’), and acidic 
streams in peatland catchments underlain by a range 
of low permeability lithologies (‘peat’). DOM com-
position was assessed through organic matter stoi-
chiometry (organic carbon: organic nitrogen; organic 
carbon: organic phosphorus; C/N(P)DOM) and metrics 
derived from ultra-violet (UV)/visible spectroscopic 
analysis of DOM such as specific UV absorption 
 (a254 nm;  SUVA254). We found similar  SUVA254, C/
NDOM and DOM/a254 relationships within classifica-
tions, demonstrating that despite a large degree of 
heterogeneity within environments, catchments with 

Abstract In fresh waters, the origins of dissolved 
organic matter (DOM) have been found to exert a 
fundamental control on its reactivity, and ultimately, 
its ecosystem functional role. A detailed understand-
ing of landscape scale factors that control the export 
of DOM to aquatic ecosystems is, therefore, pivotal 
if the effects of DOM flux to fresh waters are to be 
fully understood. In this study we present data from a 
national sampling campaign across the United King-
dom in which we explore the variability in DOM 
composition in three broad landscape types defined 
by similar precipitation, geology, land use and man-
agement, hydrology, and nutrient enrichment status. 
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shared environmental character and anthropogenic 
disturbance export DOM with a similar composition 
and character. Improving our understanding of DOM 
characterisation is important to help predict shifts in 
stream ecosystem function, and ecological responses 
to enrichment or mitigation efforts and how these 
may result in species composition shifts and biodiver-
sity loss in freshwater ecosystems.

Keywords Dissolved organic matter · Carbon · 
Nitrogen · Phosphorus · Nutrient stoichiometry

Introduction

Landscape derived dissolved organic matter (DOM) 
has been found to exert a fundamental control on 
the productivity and ecological status of freshwa-
ter ecosystems (Jaffe et  al. 2008; McDowell 2003). 
While in-stream production through carbon fixation 
and subsequent exudation by stream biota can be an 
important autochthonous source of DOM, the major-
ity of studies investigating DOM sources at catchment 
scale have found allochthonous DOM to dominate 
fluxes (McGlynn and McDonnell 2003; Toming et al. 
2013). The degree of nutrient enrichment (Mackay 
et al. 2020; Mueller et al. 2016), rates of photochemi-
cal processing (Cory et  al. 2015; Judd et  al. 2007; 
Spencer et  al. 2009) and microbial kinetics (Brails-
ford et al. 2019a, b) all mediate DOM metabolism in 
streams and stream sediments, and its ultimate avail-
ability as a nutrient and energy resource for stream 
biota, but the key control on its composition is pri-
marily defined by its origins.

Catchment characteristics, including land cover 
(Williams et al. 2016; Wilson and Xenopoulos 2009), 
hydrology (Fasching et al. 2016; Heppell et al. 2017), 
and soil properties (Yates et al. 2019a) have all been 
observed to play an important role in determining the 
nature of DOM delivered to fresh waters from their 
catchments. Others have shown that the structural 
complexity of DOM decreases as the ratio of continu-
ous cropland to wetland in the catchment increases 
(Wilson and Xenopoulos 2009), with the dominance 
of agricultural land use shifting DOM composition 
towards a more microbial, less plant-derived com-
position (Graeber et  al. 2012, 2015), as determined 
by DOM fluorescence spectroscopy. An analysis of 
samples from across a European geoclimatic gradient 

conducted by Mattsson et  al. (2009) found samples 
from catchments with a greater proportion of agricul-
tural land to have lower dissolved organic carbon to 
dissolved organic nitrogen ratios (DOC:DON), close 
to the Redfield OC:ON ratio (molar) of 6.6:1, indica-
tive of microbially sourced DOM. Similarly, a recent 
global analysis of dissolved organic nitrogen (DON) 
concentrations relative to total dissolved N concentra-
tions in over 2000 streams from 3.66° S to 69.7° N 
across arctic, boreal, temperate and tropical biomes 
identified critical thresholds in DOM composition, 
with increases in nutrient enrichment linked to lower 
DOC:DON ratios (Wymore et al. 2021).

Much less is known about dissolved organic P 
(DOP) in fresh waters, but a recent paper by George 
et al. (2017) presents a valuable synthesis of knowl-
edge on organic P in terrestrial systems. They con-
clude that concentrations are strongly linked to soil 
character and to land use and management, with ele-
vated concentrations observed in agricultural soils, 
particularly those used for livestock production. In our 
own work we also see DOP concentrations in streams 
linked to landscape character and elevated in agricul-
tural streams versus those draining through natural or 
semi-natural catchments (Yates et  al. 2019a; Lloyd 
et  al. 2019; Brailsford et  al. 2021), and both micro-
bial and plant uptake of both DOP and DON and as a 
nutrient resource (Brailsford et al. 2019a, b; Mackay 
et al. 2020). Such elevated nutrient concentrations are 
commonly observed in UK agricultural catchments 
(Yates et al. 2019a). Contradictory observations from 
Graeber et al. (2012) and others (Sachse et al. 2005) 
suggest catchments with a high proportion of agricul-
tural activity export structurally complex DOM, char-
acterised by elevated DOC concentrations and a dom-
inance of humic-like fluorescent DOM, though other 
studies (Lloyd et al. 2021; Mena-Rivera et al. 2021) 
indicate DOM in agricultural catchments has a high 
proportion of lower molecular weight compounds 
resulting from microbial processing of terrestrially 
derived DOM. Similarly, both Yates et  al. (2019a) 
and Williamson et al. (2021) in a pan-UK study con-
cluded that higher DOC, higher Specific UV Absorb-
ance (SUVA) and higher DOC:DOC ratios were 
consistently observed in peaty catchments than in 
lowland intensively farmed agricultural catchments. 
This inconsistency in findings from different stud-
ies suggests the link between land cover and DOM 
composition may be catchment-specific, reflective of 
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variations in landscape scale processes such as hydro-
logic connectivity, the nature of nutrient sources in 
the catchment, its underlying geology, and soil type, 
but that commonalities in these catchment character-
istics might then yield generalisable DOM character-
istics for other catchments with similar properties.

Similar, but less pronounced variability in stream 
DOM composition has been observed in peatland 
environments with soil-pore water interaction time 
a major driver of compositional variability between 
base- and storm-flow conditions (Austnes et al. 2010; 
Nguyen et al. 2010; Wagner et al. 2019). These vari-
ations may be explained, in part, by a combination 
of differing land management practices that impact 
upon flow routing through the landscape and resi-
dence times within soils (Yates et  al. 2016). Irriga-
tion (Hernes et  al. 2008), riparian land management 
(Pisani et  al. 2020), alterations to aquatic microbial 
processing, and fertiliser use and livestock grazing 
which generates variations in the soil organic matter 
pool (Heinz et al. 2015; Yates et al. 2019a), have all 
been shown to impact DOM concentration and com-
position in fresh waters. Catchment hydrology has 
also been found to exert control on DOM composition 
with storm events mobilising pools of organic mate-
rial not readily accessed under baseflow conditions, 
including the flushing of organic rich soil horizons 
(Austnes et  al. 2010; Inamdar et  al. 2011; Nguyen 
et al. 2010; Wagner et al. 2019). In contrast, organic 
material with a low abundance of higher molecular 
weight compounds such as in lignin-derived phenols, 
with optical signatures matching that of microbially 
degraded DOM, have been reported widely in perme-
able catchments with complex sub-surface drainage 
networks (Benk et al. 2019; McDonough et al. 2020), 
most likely showing a response to diagenetic pro-
cessing in groundwater aquifers with long residence 
times.

In order to fully understand the impact of catch-
ment characteristics on the delivery of DOM to fresh-
water ecosystems, and derive an understanding of 
the generic properties of DOM draining from similar 
landscape types, a comprehensive knowledge of the 
interactions between land cover, land management, 
and catchment hydrology is required. However, this 
understanding cannot be based on measurements of 
DOC concentration/composition alone. While stud-
ies investigating the impact of land use on organic 
matter composition are increasing, the majority of 

studies investigating the source and transport of 
DOM focus mainly on DOC concentration, and more 
recently, composition. Global estimates suggest river-
ine fluxes of DOC to oceans are substantial, account-
ing for ~ 0.25 Pg C  year−1 (Battin et al. 2009; Drake 
et al. 2019). While no such global estimates exist for 
DON and DOP, their concentrations in global rivers 
have found to be equal, if not greater than their inor-
ganic counterparts (Perakis and Hedin 2002; Stanley 
and Maxted 2008; Yates et al. 2019a; Wymore et al. 
2021) particularly in natural and semi-natural eco-
systems, and as such should routinely be included in 
studies of aquatic DOM.

In this paper we explore the variability in stream 
DOM composition in relation to catchment character, 
through a detailed analysis of samples collected from 
a range of UK catchments with marked variations in 
climate, geology, soils, land use and management, 
hydrology, and degree of nutrient enrichment. Simi-
larities in DOM composition relative to nutrient stoi-
chiometry are investigated to reveal common charac-
teristics of DOM linked to environmental character, 
and the impact of hydrology, geology and land use on 
rates and composition of DOC, DON, and DOP are 
explored.

Materials and methods

Catchment characteristics

A total of 51 catchments were sampled across the 
UK (Fig.  1) with catchment area ranging between 
0.6 and 416  km2. Sites were selected with three 
major underlying lithologies and soil types: 18 cir-
cumneutral streams underlain by clay and mudstone 
(hereafter referred to as ‘clay’), 18 alkaline streams 
dominated by calcium carbonate  (CaCO3), underlain 
by Cretaceous Chalk or by Carboniferous or Jurassic 
Limestone (hereafter referred to as ‘limestone’), and 
15 acidic streams in peatland catchments underlain 
by a range of low permeability lithologies (hereafter 
referred to as ‘peat’). Land cover classification data 
were supplied by the UK Centre for Ecology and 
Hydrology and were manipulated using geographical 
information system software (ArcGIS; ESRI 2018. 
Version 10 Redlands, CA). All sites had previously 
been the focus of Natural Environment Research 
Council or UK Government (Defra) funded research 
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on stream DOM, C, N and/or P flux, with long-term 
or archived high resolution observational data avail-
able in open access data archives, providing contex-
tual data to support our spatial sampling programme. 
Details on the key published literature and open 
access data archives for each site are provided in 
Table S1, Supplementary Information. The sites sam-
pled varied considerably in their land cover and soils 
classification, with the proportion of agricultural land 
ranging between 0 and 98%, and peatland ranging 
between 0 and 100% of catchment area in the selected 
sites. The majority of peatland catchments were 
located in the UK’s upland areas and were located on 
blanket bog that has been modified to varying extents 
by sheep grazing, drainage, grouse moor burning, 
wildfire and air pollution. By contrast, the intensively 
farmed agricultural catchments were located in low-
land areas, with oilseed rape, barley, and wheat domi-
nating crop distributions in our predominantly arable-
dominated chalk catchments, and improved grassland 
supporting intensive dairy production in our clay 
catchments. Woodland covered an average of 6.63% 

of land, ranging between 0.0 and 35% while urban 
areas only accounted for an average of 1.32%, ranging 
between 0.0 and 10%, reflecting isolated farmsteads 
and villages in these largely rural catchments.

Baseflow indices (BFI; range 0–1), which reflect 
the proportion of stream flow delivered along base-
flow (throughflow plus groundwater flow) pathways, 
ranged between 0.13 and 0.98, encapsulating geolo-
gies such as Silurian sedimentary deposits of the 
central lowlands of Scotland to the Cretaceous Chalk 
prevalent across much of south-eastern England 
(BFI from the closest UK Hydrology of Soil Types 
(HOST) classification). Site average annual rain-
fall values (1961–1990) were taken from the near-
est known gauging station extracted from the UK 
National River Flow Archive (NRFA: https:// nrfa. ceh. 
ac. uk) or from the published literature for each site. 
All sites were subsequently separated into three cat-
egories for analysis, best describing a combination 
of their (a) hydrology and geoclimatic features (BFI, 
rainfall, runoff), (b) land cover classification and 
(c) dominant soil type and agricultural production 

Fig. 1  Map of a a map 
of the geoclimatic regions 
established for the UK 
by Greene et al. (2015), 
reproduced with permis-
sion, and b the fifty-one 
sampling locations included 
in this study, colour coded 
to indicate their major site 
classification

https://nrfa.ceh.ac.uk
https://nrfa.ceh.ac.uk
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system. Site classifications along with mean group 
attributes are provided in Table 1, below, with a site-
specific breakdown and supporting publications pre-
sented in Supplementary Information, Table S1.

Sample collection

All samples were collected between June and Sep-
tember 2017. Additional data were collated from pub-
lished literature (see Supplementary Information) to 
enable a comparison between spot samples collected 
in this study and long-term data, which will consider 
seasonal patterns. All samples were collected between 
June and September 2017. Samples were collected 
using acid-washed (10% HCl, v/v) high-density pol-
yethylene sample bottles, refrigerated at 4  °C in the 
dark and couriered overnight for filtration and analy-
sis at the University of Bristol. All samples were fil-
tered through pre-washed 0.45  µm cellulose-nitrate 
membrane filters (Whatman GF/C) refrigerated at 

4  °C in the dark and analysed within 24  h of being 
returned to the laboratory.

Analytical methods

Dissolved organic carbon

DOC concentrations were analysed using a Shimadzu 
TOC-L series analyser (Shimadzu Corp.), determined 
as non-purgeable organic carbon by high temperature 
catalytic oxidation, following sample acidification 
(1% HCl). The mean of three to five replicate injec-
tions is presented here, where the coefficient of vari-
ance was < 2%. Instrument accuracy was calculated 
as −  0.9% based on analysis of replicate standards 
(n = 5). The instrument limit of detection (LoD) fol-
lowing blank replication (n = 60) was calculated as 
115 µg C  l−1.

Table 1  Catchment characteristics by major site classification

a Baseflow Index (BFI). Data compiled from literature values and the National River Flow Archive (NRFA) gauging station data. 
Where not available the closest comparable NFRA gauging stations were used
b Annual average rainfall (1961–1990). Data from nearest NRFA gauging station
c Based on land cover mapping (2015) Centre for Ecology and Hydrology
d All data; mean ± 1 standard deviation
e Geoclimatic region characteristics derived from the classification of Greene et al. (2015)

Units Site classification

Limestoned

(n = 18)
Clayd

(n = 18)
Peatd
(n = 15)

Area km2 107 ± 127 40.0 ± 55.1 7.88 ± 6.78
BFIa Index 0.92 ± 0.05 0.61 ± 0.15 0.39 ± 0.09
AAR b mm 797 ± 112 911 ± 268 1951 ± 422
Runoff m3  s−1 1.65 ± 1.98 2.68 ± 2.05 2.29 ± 3.82
Arablec % 60 ± 16 39 ± 27 0.03 ± 0.1
Improved  grasslandc % 26 ± 11 45 ± 29 2.8 ± 5.1
Woodlandc % 6.5 ± 3.3 7.8 ± 5.5 7.3 ± 12
Urbanc % 1.6 ± 0.94 2.6 ± 2.2 0
Acid  grasslandc % 0.05 ± 0.15 0.91 ± 3.8 27 ± 31
Peatlandc % – 0.43 ± 1.8 42 ± 36
Characteristicse Moderately sloping, 

free draining, perme-
able

Flat, poorly 
drained, low 
permeability

Upland, steep slopes, impermeable

Dominant agricultural practices Intensive arable, with 
mixed arable and 
pastoral farming

Intensive mixed 
arable and pasto-
ral farming

Extensive sheep grazing
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Nitrogen species and phosphorus fractions

Total oxidised nitrogen (TON, hereafter referred to 
as  NO3-N, where  NO2-N was consistently < 0.1% of 
TON), soluble reactive phosphorus (SRP; measured 
as  PO4-P), and total ammonium  (NH3-N +  NH4-N; 
hereafter referred to as  NH4-N) were determined 
using a Skalar  San++ multichannel continuous flow 
autoanalyser (Skalar Analytical B.V.). Total dis-
solved nitrogen (TDN) and phosphorus (TDP) were 
determined following digestion of filtered samples 
with potassium persulphate  (K2S2O8), using the pro-
tocol modified from Johnes and Heathwaite (1992), 
as reported in Yates et al. (2016). Total nitrogen (TN) 
and phosphorus (TP) were determined following 
digestion of an unfiltered aliquot. DON and DOP, and 
particulate organic nitrogen and phosphorus (PON, 
PP) were determined by difference where:

For detailed method description see Yates et  al. 
(2019a). Mean precision for  NO3-N,  PO4-P, and 
 NH4-N, based on analysis of replicate standards 
(n per run = 5) was found to be ± 1.0%, ± 0.8%, 
and ± 1.0% with accuracy of + 5.0%, + 2.2%, and 
− 1.4% respectively. Instrument LoD was calculated 
for each method as 27 µg  l−1, 4 µg  l−1, and 8 µg  l−1, 
respectively, following blank replication (n = 10).

DOM composition

Absorbance spectra were scanned using a Varian 
Cary 60 UV/Vis spectrometer (Agilent Technolo-
gies) on each sample between 200 and 800  nm at 
1  nm intervals, with samples analysed at labora-
tory ambient temperature (~ 20  °C). Dissolved 
organic matter composition was examined through 
calculation of the specific ultraviolet absorbance 
 (SUVA254; a proxy for DOM aromatic content as 
discussed by Weishaar et al. (2003)) and was calcu-
lated by dividing the decadic absorbance at 254 nm 

(1)DON = TDN − TON − NH
4
-N

(2)DOP = TDP − PO
4
-P

(3)PON = TN − TDN

(4)PP = TP − TDP

by DOC concentration (mg  l−1). All absorbance 
data presented here are as absorption coefficients 
calculated as given in Eq. 5.

where A(λ) is the measured absorbance and l is the 
pathlength of the cuvette used for analysis in metres. 
DOM composition was also inferred using organic 
matter stoichiometry. All elemental stoichiometry 
(DOC:DON and DOC:DOP), hereafter referred to as 
C/NDOM and C/PDOM, are presented as molar ratios. 
To check the wavelength scale of the instrument was 
within the manufacturer’s tolerance a sealed holmium 
perchlorate (holmium oxide 4% m/v in 10% v/v per-
chloric acid; Starna Scientific) reference was analysed 
daily, prior to sample analysis.

Watershed delineation and statistical analysis

Watershed delineation and catchment size were 
determined using the spatial analysis and hydrology 
toolboxes in ArcGIS, using digital elevation models 
sourced from EDINA Digimap [OS Terrain 5 DTM 
(Shape geospatial data), scale 1:10 000, Ordnance 
Survey, using the EDINA Digimap Ordnance Survey 
Service]. Land cover data were sourced from the UK 
Centre for Ecology and Hydrology (Land Cover Map 
2007 Great Britain, Centre for Ecology & Hydrology, 
using the EDINA Environment Digimap Service). 
The land cover data were further classified with the 
following categories: arable, improved grassland, 
woodland, fresh water, peatland and urban.

All statistical analyses were conducted using 
SPSS (IBM SPSS Statistics for Windows, version 
25.0; IBM Corp., Armonk, NY) with plots gener-
ated using SigmaPlot (version 14.0; Systat Soft-
ware, San Jose, CA). In order to visualise statistical 
differences between land classification variables, 
principal components analysis (PCA) was con-
ducted with each measurement variable z-score nor-
malised prior to analysis. All data are presented ± 1 
standard deviation. Correlation coefficients and cor-
relation matrices were produced using R Studio. 
Kruskal–Wallis H tests were used to determine sta-
tistical significance in land classification data with 
subsequent pairwise comparisons adjusted by the 
Bonferroni correction for multiple tests.

(5)a(λ) = 2.303A(λ)∕l
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Results

Multiple pairwise comparisons using the 
Kruskal–Wallis H test demonstrate significant differ-
ences between the relative distribution of land clas-
sifications across geoclimatic groups (Fig.  2a). The 
proportion of improved grasslands differ significantly 
between study catchments (χ2 (2) = 32.98, p ≤ 0.001) 
with limestone and clay differing significantly from 
peat (χ2 (2) = 25.3, p ≤ 0.001 and χ2 (2) = 31.6, 
p ≤ 0.001) and a higher proportion of grassland in the 
clay catchments which support intensive dairy pro-
duction. There are stark differences in the dominant 
farming type in these lowland, intensively farmed 
catchments (Fig.  2b). Catchments within the lime-
stone sub-group are dominated by arable farming, 
with a higher proportion of land cultivated for oil-
seed rape (χ2 (2) = 13.1, p ≤ 0.001), field beans (χ2 
(2) = 6.49, p ≤ 0.05), barley (χ2 (2) = 5.82, p ≤ 0.05), 
and wheat (χ2 (2) = 4.95, p ≤ 0.05). By contrast clay 
catchments have a higher proportion of grassland on 
heavy clay soils, used to support intensive dairy cattle 
production. Improved grassland in the peatland catch-
ments, by contrast, is used to support sheep produc-
tion, but is a minor proportion of land cover in these 
blanket bog-dominated peatland systems.

Across all sites, mean  NO3-N 
(3.65 ± 3.37 mg N   l−1),  PO4-P (56.2 ± 91.6 µg P  l−1) 
and  NH4-N (56.2 ± 126 µg N  l−1) concentrations dem-
onstrated the greatest variability due to the geospatial 

gradient farming intensity. Sites underlain by peat 
soils exhibited the lowest range of nitrate concentra-
tions (Table 2; 0.335 ± 0.926 mg N   l−1) followed by 
clay (3.70 ± 2.09  mg  N   l−1), with the highest con-
centrations observed in catchments underlain by pre-
dominantly chalk geology (6.99 ± 2.62 mg N   l−1). A 
similar pattern is observed for TN concentrations, and 
while PON comprises a small fraction of TN, DON 
concentrations were found to be elevated in limestone 
(0.98 ± 0.34 mg N  l−1) and clay (0.89 ± 0.36 mg N  l−1) 
catchments compared to peat (0.68 ± 0.33 mg N   l−1) 
systems. DON decreases as a percentage of TN with 
increasing TN concentration, accounting for 37% of 
TN across all sites, representing the dominant com-
ponent of TN in peat catchments (limestones = 16%, 
clay = 19%, and peat = 78%).  PO4-P concentrations 
showed a similar pattern and were lowest in the peat 
catchments (14.3 ± 42.2 µg P  l−1), and highest in clay 
catchments (97.3 ± 92.3  µg P  l−1) when compared 
to the limestone (52.4 ± 104  µg P  l−1) (Fig.  3a, b). 
Unlike with N species, PP comprises a large pro-
portion of TP at all sites, making the relationship 
between DOP as a percentage of TP less clear in rela-
tion to the nutrient gradients in this study.

DOM stoichiometry (DOC/DON/DOP) is vari-
able between site typologies. Peat catchments with 
low inorganic N and P concentrations, predomi-
nantly underlain by impermeable geologies dem-
onstrate C-rich, N-poor stoichiometry with high 
 SUVA254 values (mean C/NDOM ratio = 18.5 ± 11.3; 

Fig. 2  Principal components analysis bi-plot with vector load-
ings for a land use classification (principal components 1 and 
2) including all data grouped by site classification, and b crop 

type (principal components 1 and 2) for limestone and clay 
classifications (absent in peatland catchments)
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 SUVA254 = 6.0 ± 0.9  mg C  l−1   m−1). This range in 
both C/NDOM and  SUVA254 is commonly associated 
with forms of organic matter derived from the deg-
radation of terrestrial material such as woody debris 
and leaf litter, supporting the idea that soil C:N acts 
as a dominant control on DOM composition in these 
landscapes (Yates et  al. 2019a). Chalk sites, those 
most enriched in N, demonstrate lower C/NDOM 
ratios, with sites being C depleted/N enriched (mean 

C/NDOM ratio = 2.2 ± 1.6;  SUVA254 = 2.9 ± 0.7  mg C 
 l−1  m−1), and display values similar to those observed 
from autochthonous DOM production, and in treated 
human sewage and animal manures (Yates et  al. 
2019b). While this difference between categories may 
be driven by the variability in DOC concentrations 
across environments, DON concentrations also corre-
lated significantly with the predominance of agricul-
tural land (p < 0.001; Fig. 4a).

Table 2  Mean nutrient 
concentration data for 
samples collected in this 
study for each of the major 
site classifications

a All data; mean ± 1 standard 
deviation
b Molar ratio

Units Site classification

Limestonea

(n = 18)
Claya

(n = 18)
Peata

(n = 15)

Conductivity µS  cm−1 597 ± 75 544 ± 193 44 ± 14
NO3-N mg N  l−1 6.99 ± 2.62 3.7 ± 2.1 0.335 ± 0.926
NH4-N µg N  l−1 23.8 ± 20.1 115 ± 209 38.3 ± 58.3
DON µg N  l−1 979 ± 337 889 ± 356 679 ± 331
PON µg N  l−1 71.1 ± 105 535 ± 867 86.4 ± 138
TN mg N  l−1 8.08 ± 2.83 5.27 ± 2.41 0.838 ± 0.381
PO4-P µg P  l−1 52.4 ± 104 97.3 ± 92.3 14.3 ± 14.2
DOP µg P  l−1 65.2 ± 89.6 163 ± 477 104 ± 173
PP µg P  l−1 17.2 ± 17.7 191 ± 234 20.6 ± 27.3
TP µg P  l−1 134 ± 130 339 ± 267 133 ± 174
DOC mg C  l−1 1.68 ± 0.92 4.39 ± 3.64 11.6 ± 9.32
SUVA254 mg C  l−1  m−1 2.9 ± 0.7 3.6 ± 1.1 6.0 ± 0.9
C/NDOM

b 2.2 ± 1.6 5.5 ± 3.0 18.5 ± 11.3

Fig. 3  Scatter plot of a DON as a percentage of TDN and b DOP as a percentage of TDP. Data grouped by geoclimatic classifica-
tion. Transparent circles represent raw data, solid filled circles represent mean value ± 1 standard deviation
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Land cover classification across geoclimatic 
groups correlated well with chemical variables. 
Increases in percent agricultural land in each catch-
ment were associated with increases in nitrate, and 
TN concentrations (correlation coefficient = 0.76, 
0.71, and 0.72 respectively; p < 0.001), while corre-
lating negatively with both DOC concentrations and 
 SUVA254 (− 0.41; p < 0.01 and − 0.65; p < 0.001). 
Significant correlations were also observed between 
the proportion of flow derived from groundwater 
flow or deep throughflow pathways (as reflected 
in the BFI for each site typology) which corre-
lated negatively with DOC, C/NDOM, and  SUVA254 
(− 0.70, − 0.78, and − 0.65; p < 0.001), while dem-
onstrating a significant positive correlation with 
nitrate (0.74; p < 0.001). A heat map of correlation 
coefficient data is presented in Fig. 4.

In this study, absorption coefficients (λ = 254 nm) 
correlated well with DOC concentrations within all 
site types (Fig.  5a), with the strongest association 
observed in peatland sites  (r2 = 0.96, p < 0.001), fol-
lowed by clay  (r2 = 0.95, p < 0.001), then limestone 
catchments  (r2 = 0.89, p < 0.001). Sites with the 
strongest relationship between DOC and  a254 also 
demonstrate the greatest increase in absorbance per 
unit DOC, along with the highest  SUVA254 values 
(6.0 ± 0.9  mg C  l−1   m−1), consistent with DOM of 
an allochthonous origin. By contrast, limestone sites, 
showed a shallower regression slope, and the lowest 
 SUVA254 values (2.9 ± 0.7 mg C  l−1  m−1).

Regression analysis conducted between DOC and 
DON concentration data, with sites split by clas-
sification, is presented in Fig.  5b. Regression equa-
tions are assumed to be representative of the mean 

Fig. 4  a Spearman’s rank correlation matrix including catch-
ment descriptors, land cover and chemical variables. Values 
are significant at p-values of 0.001***, 0.01**, and 0.05*, col-

our bar represents correlation coefficient. b Example correla-
tion between  SUVA254 and BFI, with mean centroids ± 1 stand-
ard deviation grouped by site classification
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change in DON per unit DOC across each site clas-
sification (Table 3). Peat sites demonstrate the strong-
est relationship between DOC and DON  (r2 = 0.44, 
p < 0.05), spanning the largest range of DOC con-
centrations, and the narrowest range of DON con-
centrations (DOC range = 1.6–32.4  mg C  l−1, DON 
range = 0.283–1.46 mg N  l−1).

Discussion

It is evident from the data presented in this study 
that fundamental differences in DOM character exist 
between the environments covered by this analysis, 
driven by differences in catchment properties, includ-
ing nutrient enrichment through land management 

Fig. 5  Relationship 
between a DOC and  a254. 
Inset (i) shows the low 
DOC concentration range 
for limestone sites only. 
b Presents the results of a 
linear regression analysis 
between DOC and DON 
across all sites sampled. 
Data are grouped by site 
classification. There was 
no statistically significant 
relationship generated for 
limestone catchments
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practises. Commonalities in  SUVA254, C/NDOM and 
DOM/a254 relationships exist within group classifica-
tions, such that similar properties emerge for all peat-
land catchments, for all clay catchments, and for all 
limestone catchments. However, local variations in 
land use and management also influence, and account 
for, variations in DOM concentration and composi-
tion within each group. In the lowland sites included 
in this study, the high  NO3-N concentrations found in 
both limestone and clay classifications result in DON 
making up a smaller proportion of TDN than in less 
intensively farmed peat catchments. The dataset also 
reveals N enrichment in the stream DOM pool in low-
land, intensively farmed catchments, relative to the 
upland peatland sites. Meanwhile there are marked 
differences in the proportion of the TDN pool con-
tributed by DON, and the DOM pool composition 
between the two classes of intensively farmed lowland 
catchments studied here. Clay catchments which sup-
port intensive dairy cattle production have up to 40% 
of the TDN pool in the form of DON and a higher 
DOC:DON ratio compared to an average of 20% of 
TDN and lowest DOC:DON ratio in streams draining 
through the limestone catchments which are predomi-
nantly used for intensive arable farming with low 
intensity sheep grazing (Fig.  5, Table  3). Both have 
a lower proportion of TDN contributed by DON and 
a lower DOC:DON ratio than in our peatland catch-
ments. Thus, while there are strong commonalities 
between catchments with similar lithology, hydrology 
and land use and management, there are nevertheless 
marked differences in the composition of the stream 
nutrient and DOM pools between agricultural catch-
ments with differing farming systems and population 
densities evident in our datasets. An approach which 
groups all ‘agricultural’ catchments together as one 
category would be likely to misrepresent both the 
quantitative significance of DOM in the total N and P 
load to which aquatic organisms are exposed and the 

specific molecular composition of the DOM pool and 
its likely impacts on the freshwater ecosystem.

Our findings support the recent analysis of a global 
dataset of > 77,000 observations across > 2000 sites 
presented by Wymore et al. (2021) across catchments 
ranging from arctic, to boreal, temperate, and tropi-
cal biomes. Their analysis of a global N speciation 
dataset identified two critical TDN concentration 
thresholds at which the composition of the N pool, 
in particular the proportion of TDN present as DON 
shifted significantly, at 1.3 and 2.8  mg  N   l−1. On a 
global scale, increases in DON and  NH4-N were out-
paced by increases in  NO3-N concentrations, cor-
relating with increases in anthropogenic disturbance 
in these catchments. The high degree of variability 
in the relationship between DON and TDN at lower 
TN concentrations (< 1.3 mg N  l−1) observed in that 
global analysis is echoed in the data presented in this 
study, suggesting no single landscape control on the 
composition of the N pool in streams. Rather, local 
landscape characteristics such as land management, 
plant species composition, topography, soil charac-
teristics, and wetland cover in natural or semi-natural 
catchments, as well as relative rates of N deposition 
(Helliwell et al. 2007) or recovery from acidification 
(Rodriguez-Cardona et  al. 2021) exert catchment-
specific controls on N speciation, shifting C:N ratios 
in the riverine DOM pool and altering its likely eco-
system functional role. Helliwell et  al. (2007), for 
example, report upward shifts in nitrate leading rela-
tive to DOC flux to streams moving from low to high 
N deposition areas, while Rodriguez-Cardona et  al. 
(2021) report changes in DOC:DON stoichiometry of 
the stream DOM pool as systems recover from atmos-
pheric acid deposition.

Wymore et al. (2021) also report instances where 
systems approaching a near natural state may be 
in fact dominated by oxidised N species rather than 
elevated DON contributions. Our study only included 
peatland catchments with low intensity sheep graz-
ing, with the data showing a similar pattern of N 
speciation to that observed by Durand et  al. (2011) 
in their data set for 87 European research catchments 
and similar N enrichment gradient, and by Helliwell 
et  al. (2007) in their earlier work on N speciation 
in streams draining from upland catchments in the 
UK. However, if upland, low intensity grazing sites 
on mineral soils had been included, it is likely those 
sites would have shown patterns similar to some of 

Table 3  Relationships between DOC concentrations and 
chromophoric dissolved organic matter (CDOM) absorption 
coefficients

Classification Slope Intercept r2 P

Peat 14.5 − 7.80 0.96  < 0.0001
Clay 9.14 − 3.03 0.95  < 0.0001
Chalk 7.98 − 2.03 0.89  < 0.0001
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those reported by Wymore et al. (2021). Their work 
also included a selection of tropical catchments, 
which were the source of these observations of high 
nitrate proportion at low TDN concentrations, but 
otherwise the global dataset was dominated by catch-
ments in temperate and boreal biomes, with a high 
proportion of peatland sites, more similar in geocli-
matic character to the spectrum of upland to lowland 
sites included in this UK study. As such, our current 
understanding of the relationship between DON and 
 NO3-N may also be skewed by an inherent sampling 
bias towards temperate and boreal peatland systems, 
largely under-representing tropical regions. The pat-
terns and conclusions drawn here may therefore only 
be robustly applicable in catchments in other temper-
ate and boreal regions.

Comparable data for P fractionation collected dur-
ing this study suggests a less well-defined relation-
ship than exists, in this study, for DON and  NO3-N. 
While previous work has found % DOP and TDP 
to have a similar relationship to % DON and TDN 
concentrations (e.g. Yates et  al. 2019a), this study, 
spanning a greater range of TDP concentrations and 
catchment typologies, does not. Indeed, a wide range 
of ratios between SRP and TP are reported in the lit-
erature, reflecting the particular balance and composi-
tion of point and diffuse P sources in each catchment 
(Jarvie et  al. 1998; 2005; Johnes 2007; Jordan et  al. 
2007; Thompson and Cotner 2018; Stackpoole et al. 
2019), few of these earlier studies report the DOP 
fraction concentrations. The lack of a strong rela-
tionship between % DOP and TDP in this study may 
reflect the larger range of P source areas captured in 
this sampling programme than in our earlier two-
catchment comparison. Some rural sites in this study 
received diffuse seepage of P-rich effluent from sep-
tic tanks, while in more populated catchments, they 
additionally received point source discharges from 
sewage treatment works (STW) which have markedly 
different nutrient speciation and DOM composition 
signatures (Yates et  al. 2019b). The data presented 
here suggest some systems, with elevated TDP con-
centrations may in fact demonstrate near complete 
dominance of DOP over  PO4-P in the TP pool, while 
others, particularly in intensively farmed arable catch-
ments have PP as the dominant fraction, as has been 
reported in our previous work (Johnes 2007; Lloyd 
et al. 2019). Where DOP is the dominant P fraction, 
this occurs mainly in upland peat dominated sites and 

in some intensive cattle production sites underlain by 
clay, and may reflect both soil-derived DOP pools, 
as well as DOP-rich livestock manures and slurries 
voided to the land by sheep in the peatland catch-
ments, or by cattle in the clay catchments.

The upland peatland catchments, with minimal 
agricultural activity are the least nutrient enriched 
sites included in this study. These have high in-stream 
C/NDOM (molar) ratios (~ 18) with similar C/NDOM 
ratios to those observed across a wide range of stud-
ies which have previously reported these ratios in 
peatland catchments (Helliwell et  al. 2007; Austnes 
et al. 2010; Yates et al. 2016, 2019a). High variabil-
ity in both N and P speciation over a narrow TDN/
TDP range at these sites suggests local scale fac-
tors contributing to the variable dominance of inor-
ganic vs. organic nutrient fractions in the TN and TP 
pools. While there is a high degree of variability in % 
DON and % DOP values within these environments, 
DOM compositional metrics demonstrate a consist-
ent behaviour with a strong relationship between 
DOC and  a254 observed, spanning a wide range of 
DOC concentrations. DOC dominates over DON and 
DOP export at these sites and there is also a moder-
ate, but significant relationship between DOC and 
DON. These are C-rich and relatively N- and P-poor 
systems. As suggested by Brookshire et al. (2007) the 
relationships observed between DOC and DON in this 
study may indicate that DON losses are largely con-
trolled by soil organic matter dissolution and trans-
port with DON bound up in higher molecular weight 
compounds. The high  SUVA254 values observed for 
these sites in this study support this, suggesting mate-
rial is highly aromatic (Weishaar et  al. 2003) with 
high C/NDOM ratios.

Consistently low C/NDOM ratios and  SUVA254 val-
ues were observed in all limestone catchments in this 
study, characterised as systems with a high proportion 
of intensively farmed arable land with some sheep 
production on steeper slopes, in permeable landscapes 
where the dominant flow pathway (BFI = 0.92 ± 0.05; 
Table  1) is via throughflow and groundwater flow 
pathways. Limestone catchments also have the 
highest stream  NO3-N concentrations in this study 
(6.99 ± 2.62 mg N  l−1). This may be ascribed to high 
rates of nitrate leaching through calcareous brown 
earth soils, and legacy nitrate accumulation in the 
groundwater aquifer (Wang et al. 2016) mainly due to 
a combination of groundwater enrichment by historic 
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agricultural practices (Wang et al. 2016; Ascott et al. 
2017) and inputs from wastewater treatment facilities 
and septic tanks which are commonplace across the 
rural British landscape (Withers et  al. 2012; Yates 
et al. 2019b). Although uncertainties in DON calcula-
tions increase with lower DON:TDN ratios, increased 
N loading in agricultural catchments has been found 
to increase DON loading in receiving waterbodies 
(Pellerin et al. 2006; van Kessel et al. 2009; Durand 
et  al. 2011; Graeber et  al. 2015). C/NDOM ratios for 
limestone catchments were approximately 8 times 
lower than those observed in the peat catchments and 
approximately half those of clay catchments, reflect-
ing the higher soil organic matter content in both clay 
and peat dominated catchments.

Fertilisation of agricultural soils increases both 
soil organic carbon content and microbial biomass. 
A global synthesis of the effects of N fertilisation on 
microbial communities by Geisseler and Scow (2014), 
comprising 106 data sets from 64 studies, found N 
fertilisation to increase soil microbial biomass across 
all studies, with only 17% of data sets showing a 
lower organic carbon content in fertilised fields. It 
should be noted that in each case, P would be added 
in addition to N, and that it is not possible, therefore, 
to attribute the increase in microbial biomass to N 
alone. These results contrast with other studies (Jian 
et  al. 2016) which have found that N fertilisation 
reduces soil microbial biomass, attributed to a result-
ing shift in species composition, or a reduction in soil 
pH, which is offset in alkaline limestone-dominated 
agricultural catchments or by the addition of lime to 
acidic or circumneutral soils to buffer soil pH. How-
ever, there is no consistent hypothesis which can be 
argued, based on the evidence currently published in 
the literature. While little is currently known regard-
ing DON production under different agricultural 
regimes and cropping species, Oelmann et al. (2007) 
found increased DON losses under legume produc-
tion. Similarly, in pastoral systems stocking densities 
will likely impact both DOM input to soils and waters 
from both urine and manure patches. These have been 
reported as hotspots of nutrient cycling (Clough et al. 
1998) and microbial DOM uptake and biosynthesis 
pathways in both soils (Reay et al. 2019) and waters 
(Brailsford et al. 2019a). Meanwhile those studying N 
speciation and P fractionation in intensive dairy farm-
ing catchments underlain by clay report higher DON 
and DOP concentrations than in nearby limestone 

catchments with similar topography and climate 
(Lloyd et al. 2019).

While studies into the quantitative importance of 
sewage treatment works (STW) discharges of both 
N and P to streams are now commonplace in the lit-
erature (e.g. Bowes et  al. 2005), their influence on 
the rates and composition of DOM flux to streams 
is understudied. The direct discharge of treated and, 
under high flow conditions, untreated effluent from 
sewerage systems may act as a proximal source of a 
bioavailable N and P-enriched DOM for the stream 
biota alongside inorganic N and P fractions for which 
bioavailability is well-established in the literature. 
While few studies have investigated the discharge of 
DOP from STW (see Qin et al. 2015 and Yates et al. 
2019b for recent examples), DON has been found to 
account for up to 65% of TDN in effluents at con-
ventional treatment works, and up to 80% of TDN in 
treatment plants that utilise nitrification–denitrifica-
tion systems (Pehlivanoglu-Mantas and Sedlak 2006). 
Compounds commonly found in effluent DOM, as 
DOC, DON and DOP have been shown to be highly 
bioavailable to riverine biota (Bronk et  al. 2007, 
2010; Liu et al. 2012; Qin et al. 2015; Brailsford et al. 
2019a; Mackay et  al. 2020). However, the C, N and 
P composition of effluent has also been shown to be 
highly variable between treatment facility types, even 
within the same geographic region, reflecting both the 
nature and efficacy of treatment processes, and the 
nature of materials sent to each facility (Yates et  al. 
2019b). Thus, clear trends are not evident in the lit-
erature available to date, and broad conclusions about 
the DOM composition of effluents cannot be robustly 
inferred. This may explain the lack of any discernible 
relationship between DOC and DON in limestone 
catchments: the presence of scattered farmsteads 
and villages often served by septic tanks and minor 
STW in these catchments will lead to the discharge 
of N and P-rich DOM to the stream which reflects 
the materials sent to and the processes in place at 
these treatment or storage facilities. This will have 
bypassed the soil microbial processing that has been 
found to exert a dominant control on the composition 
of nutrient fluxes in natural and semi-natural catch-
ments (Wymore et al. 2021; Yates et al. 2019a).

Weak associations between absorbance DOM 
absorption coefficients and DOC concentration have 
been reported as more prevalent in more anthropo-
genically impacted waters (Spencer et al. 2012). This 
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is due to variation in DOM composition between 
source areas, as allochthonous (highly chromophoric) 
organic matter is mainly composed of decaying veg-
etation with a higher aromatic content, (and concur-
rently high absorbance at lower wavelengths) than 
autochthonous DOM produced in-stream or dis-
charged from anthropogenic sources, such as sewage 
discharges or livestock manures and slurries. This 
material is chemically diverse, of lower molecular 
weight, and results in an increase in the variability of 
DOM stoichiometry in catchments with this complex-
ity of contributing sources.

The data presented here suggest the move along 
a gradient of nutrient enrichment to more N and 
P enriched systems is accompanied by a shift in 
DOM composition towards low C/NDOM ratios, low 

 SUVA254 values, and increasing DON/DOP concen-
trations. This is visualised in the conceptual diagram 
presented in Fig. 6, representing an important shift in 
the nature, composition, and concentration of DOM 
in streams as they undergo nutrient enrichment. This 
displays a similarly pattern to those reported between 
DOC and nitrate in a range of other studies (e.g. 
Evans et al. 2006; Taylor and Townsend 2010; Rod-
riguez-Cardona et  al. 2021) and between DON and 
TDN in the global analysis of Wymore et al. (2021). 
Given the range of scales covered in each of these 
studies, and in the research presented here, these pat-
terns may well be ubiquitous in fresh waters, repre-
senting a transition from N (or P) limitation in low 
nutrient status waters, typically natural or semi-natu-
ral, to systems which are highly enriched with N and 

Fig. 6  Conceptual diagram of the influence of nutrient enrichment on DOM composition in catchments of differing geoclimatic and 
landscape character. Letters and colours represent dominant geoclimatic groups a Peat, b Clay, and c Limestone
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P where neither N not P are limiting to production. 
System stoichiometry then shifts as systems move 
along this transition in response to external forcing 
or mitigation efforts in catchments. A comparable 
theory is proposed for terrestrial ecosystems, linking 
N saturation to C limitation of soil microbial pro-
cesses and community composition (Kopacek et  al. 
2013), and it is logical to argue that a similar impact 
on stream microbial communities and processing of 
DOM is likely. Stream DOM pools are not limited to 
soil-derived DOM, as is evident in this study, simul-
taneously receiving both inorganic and organic N and 
P from a mixture of point and diffuse sources as the 
system enriches. This presents the stream biota with 
wide range of bioavailable material to support both 
autotrophic and heterotrophic production (Mackay 
et  al. 2020), which has the potential to induce fur-
ther mineralisation of previously recalcitrant organic 
matter through the process of nutrient priming (Ward 
et  al. 2016), stimulating rapid biological uptake and 
biogeochemical processing of DOM in streams as 
they undergo enrichment. A negative y intercept 
value for all DOC/chromophoric DOM relation-
ships also suggests that not all DOM is chromophoric 
(Pereira et al. 2014; Zhang et al. 2020).

While all relationships between DOC and  a254 
observed in this study are significant, limestone sites 
demonstrate the lowest  r2 value of all classifications. 
Below 2 mg C  l−1, the relationship between DOC and 
 a254 appears to weaken. Significant relationships were 
found in this study between BFI and DOM composi-
tional metrics such as C/NDOM, and  SUVA254, particu-
larly in clay and peat catchments, but with a weaker 
relationship evident in limestone catchments which 
are driven more strongly by anthropogenic nutrient 
inputs than soil DOM character. Low C/NDOM, and 
low  SUVA254 values may indicate catchment delivery 
of N rich material from potentially flow-independent 
proximal sources such as sewage works, and diffuse 
runoff from agricultural land, driving a de-coupling 
of DOC and DON concentrations in-stream similar 
to those reported for other groundwater-fed headwa-
ter streams (Bernal et al. 2018). This decoupling may 
also reflect the use of DOC primarily as an energy 
resource (Battin et  al. 2009; Bernal et  al. 2018) and 
DON as both an energy and nutrient resource for 
stream biota (Kaushal and Lewis 2005; Wymore et al. 
2015). Clay systems, by contrast, appear to reflect 
both proximal sewage discharge, the application of N, 

P and C-rich manures and slurries to grassland and 
diffuse runoff from these enriched sources, and soil 
DOM character in their signal, which is intermediate 
in slope between peat (soil source-dominated signal) 
and limestone (anthropogenic source-dominated sig-
nal). What is clear in this data set is that combining 
measurements of organically bound N, P and C with 
DOM compositional metrics allows identification of 
the key source areas contributing nutrient loading 
to streams, and the drivers of DOM composition in 
catchments as this varies according to environmental 
character.

Lastly, sampling was conducted during this study 
across the summer months as key biological controls 
on the export of differing sources of DOM will be 
less important during the winter months, as will the 
impact of land management practises e.g., key agri-
cultural practices. While this study focussed solely 
on site specific spatial differences between locations, 
there may also be considerable variability in tempo-
ral patterns owing to differing in-stream communities 
controlling nutrient uptake. While temporal variabil-
ity across and between sites was not monitored in this 
study, this has been the subject of prior investigation 
by the project team (e.g., Outram et al. 2014; Lloyd 
et al. 2016, 2019; Yates et al. 2019a, b), and may be 
of interest to address in future work delving into tem-
poral variation in DOM character and composition 
as this varies between a wider range of environment 
types.

Conclusion

Despite a large degree of heterogeneity in the fresh 
water DOM pool, we demonstrate that catchments 
with similar geoclimatic character, land use and man-
agement export DOM with similar composition and 
character to the fresh waters that drain these land-
scapes. We demonstrate that the total N and P pools 
in temperate streams draining natural or semi-natural 
peatland catchments tend to exhibit low inorganic N 
and P concentrations and are dominated by high pro-
portions, but low absolute concentrations, of both 
DON and DOP. The DOM exported from these sys-
tems also tends to display high DOC concentrations 
and optical indices indicative of stream DOM of 
allochthonous origin, reflective of soil DOM pools 
and the breakdown of plant matter. By contrast, in 
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anthropogenically-disturbed catchments, enriched 
with N and P from fertiliser use and the excretion of 
wastes by farm livestock and people, a de-coupling of 
C/NDOM ratios is evident as systems move from nutri-
ent-limited to nutrient-saturated. This is particularly 
so for DOP where composition of the DOP is strongly 
influenced by the discharge of effluent from sewer-
age systems in most intensively farmed and populated 
catchments. The composition of the stream nutrient 
pool is therefore strongly linked to landscape char-
acter and management, and the ecosystem functional 
role of the DOM compounds that comprise these 
pools will vary accordingly. The challenge for future 
research is to identify the specific molecular signature 
of this DOM, as this varies according to anthropo-
genic disturbance and environmental character, and 
to pinpoint the functional mechanisms by which the 
biota access this material. Without this understanding 
we will be unable to predict shifts in stream ecosys-
tem function, and ecological responses to enrichment 
or to mitigation efforts, including species composition 
shifts and biodiversity loss in freshwater ecosystems.
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