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Abstract

The objective of this research was to investigate the relationship between water and
sediment discharge on the transport of enriching nutrients: nitrogen and phosphorus.
Water discharge, suspended sediment concentration and dissolved and particulate
forms of nitrogen and phosphorus were monitored on the 105 km? River Owenabue
catchment in Ireland.

Water discharge was found to have an influence on both particulate and dissolved
nutrient transport, but more so for particulate nutrients. The particulate portion of N and
P in collected samples was found to be 24 and 39 % respectively. Increased particulate
nitrogen concentrations were found at the onset of high discharge events, but did not
correlate well to discharge. High concentrations of phosphorus were associated with
increased discharge rates and coefficient of determination, r2, between most forms
of phosphorus and both discharge and suspended sediment concentrations were ob-
served to be greater than 0.5.

The mean TN yield is 4004 kg km ™2 yr'1 for the full 29 month monitoring period with
a mean PN yield of 982 kg km™2 yr'1 , 25 % of the TN yield. The contribution to the yield
of PN and PP estimated to be 25 and 53 % respectively. These yields represent a PN
and PP contribution to the suspended sediment load of 5.6 and 0.28 % respectively for
the monitoring period.

While total nitrogen and total phosphorus levels were similar to other European
catchments, levels of bio-available phosphorus were elevated indicating a potential
eutrophication risk to the river where phosphorus was found to be the limiting nutrient.

1 Introduction

Excess sediment and nutrient concentrations may have detrimental effects on rivers
by reducing temperature, productivity, density, the mass of bethnic communities and
increasing turbidity (McDowell et al., 2004) with nitrogen (N) and phosphorus (P)
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being the most commonly measured nutrient parameters when monitoring water qual-
ity (Schindler, 2006). Agricultural nutrient loss has been estimated to account for almost
50 % of river pollution in Ireland (McGarrigle and Clenaghan, 2004) and is of significant
concern.

The South Western River Basin District (SWRBD) is classified as being the most
pristine river basin district in Ireland, with 92 % of surveyed rivers classed as unpolluted
(McGarrigle et al., 2010). Geographically, fertilizer application is higher in southern
parts of Ireland than in the rest of the country where the national average usage of
fertiliser applied to grazed grassland has been estimated at 65, 3 and 9kg ha™' for
N, P and potassium respectively. The higher use of fertilisers in the south reflects the
more intensive farming and stocking rates (Lalor et al., 2010). High application rates of
fertilizers in southern parts of Ireland gives rise to greater risk of non-point pollution to
the surface and one of the main pressures to water quality in the River Owenabue, for
example, has been identified as being from diffuse agricultural sources, forestry and
from domestic wastewater treatment plants leaching to groundwater (Anon, 2010).

Scanlon et al. (2004) showed that P loading in the agricultural Dripsey catchment in
County Cork were entirely due to increases in particulate P (PP), which were associ-
ated to the sediment. Withers et al. (2001) showed that high P levels found in sediment
in run-off from agricultural land in the UK was caused by large quantities of artificial
fertilisers being applied to land over recent decades.

Neill (1989) showed that nitrogen and in particular nitrate in the River Burren in
County Carlow, Ireland follows a sine like curve whereby concentrations peak in the
winter months of January and February and are lowest in the summer months of July
and August. This pattern is consistent with the results of a study in the UK on an
agricultural catchment in Devon (Webb and Walling, 1985) and can be explained by
water moving through the soil and less nutrient take up during the winter by plant life
in addition to plant die-back adding nitrogen to the watercourse which all contribute to
higher N levels during the winter.
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The focus today in many nutrient load studies has been to study the filtered (dis-
solved) part of the water sample. Usually, samples are passed through 0.45 pum filter
papers (Drewry et al., 2008; Scanlon et al., 2004) as particles below this size are as-
sumed to be dissolved although larger filter sizes such as 1.2 um are also used (Quilbé
et al., 2006; Salvia-Castellvi et al., 2005). Filter papers with a 1.2 um retention size are
practical for use where a relationship or comparison with suspended sediment concen-
tration is investigated because a 1.2 um pore size is used in most suspended sediment
filtration methods. Method 2540 D of the APHA, a commonly used suspended sediment
concentration (SSC) testing procedure, defines material passing 2 um as dissolved.
There appears to have been little work presented on maintaining analytical consis-
tency by using the same sized filters or by ensuring only soluble forms are included
in the analysis. The use of 1.2 um filters has the effect of increasing the percentage
of N or P included in the dissolved fraction of the water sample, and correspondingly
lowers the particulate fractions compared to studies where finer 0.45 pum filter papers
are used.

Traditionally, the method of difference has been used to determine the sediment-
associated chemical levels of water samples. Firstly, the chemical parameter of the
unfiltered whole raw water sample is tested and this is subsequently compared to the
filtered sample, with the difference attributed to sediment association. This approach
often produces an incorrect result where the filtered sample contains higher levels of
the measured chemical than the original unfiltered sample. Apart from sample con-
tamination, analytical error is the only other source of error. The errors are introduced
when reporting levels that are on or near the report limit of the equipment or using
techniques involving digestion that do not completely release all the available chemi-
cals for analysis (Horowitz, 2008). In fact, the digestion procedures of most chemical
and trace element analysis methods are not intended nor designed to completely sol-
ubilise sediment associated constituents (Fishman and Friedman, 1989; Eaton et al.,
2005). Furthermore, the extent to which the sediment in a sample can be dissolved
depends on the matrix of the sample. For example, carbon based sediments may be
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completely dissolved while igneous or metamorphic based sediment do not readily
dissolve (Horowitz, 2008).

2 Study area

This study focuses on the River Owenabue and its catchment (Fig. 1) which is located
in the SWRBD which was established under the EU Water Framework Directive (WFD).
The SWRBD covers an area of 11 180 km?. Mean annual rainfall at the nearby Cork
Airport weather gauging station for the period April 1962 to May 2012 is approximately
1208 mm.

The 22.7 km long River Owenabue emerges at an elevation of 110 m above Malin
Head datum, has an average gradient of 6.3mkm™" and drains an area of 105km?.
It discharges to the Cork Harbour which is a nutrient sensitive area subject to various
regulations arising from the EU Urban Waste Water Treatment directive (91/271/EEC)
and the Nitrates Directive (91/676/EEC). Soil cover consists mainly of acid brown
earths and brown podzolics located in the northern part of the catchment. Sur-
face/groundwater gleys are present in the southern section of the catchment together
with small amounts of lithosols, regosols and peaty podzols. The catchment is 97 %
agricultural land, primarily under pasture and tillage. The remainder consists of small
pockets of forestry and urban settlements. The catchment hill slopes are quite steep
and response to rainfall is quick with a noticeable increase in river stage within an hour
of a significant rainfall event. There is an associated suspended sediment response in
the river.

The River Owenabue has been classified as being of moderate to poor status under
the WFD and also of being at risk of not meeting good status by 2015. The objective
for the 2015 to 2021 reporting period is to improve river water quality. The poor status
of the river can be attributed to the results of the macroinvertebrate tests rather than
the physio-chemical testing, and in fact, the river has been classed as high status in
terms of physio-chemical status (Anon, 2010).
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Water level has been recorded at the gauging station at Ballea Bridge Lower (Fig. 1)
on the River Owenabue since 1956. Water level is converted to discharge by the staff of
the Office of Public Works using a stage-discharge curve. Data are available in digital
format at 15 min intervals. The mean discharge, for the 103 km? catchment contribut-
ing to the gauging station is 2.4 m>s™" with peak discharge over 10 times the mean
discharge.

3 Methodology
3.1 Analysis

Nutrient and SSC concentrations were measured generally weekly between 8 Jan-
uary 2010 and 29 January 2012. Additional samples were collected during Novem-
ber 2009 and January 2010 when large storm events occurred. The database of nutri-
ent concentrations totals 103 samples.

One litre samples were collected in plastic bottles and tested within 24 h of collec-
tion or immediately frozen and tested within 6 weeks. Whatman GF C filters, 1.2 um
pore size, were used to filter the water samples which provides analytical consistency
between the suspended sediment analysis and the chemical analysis.

The phosphorus parameters monitored were: total phosphorus (TP), particulate
phosphorus (PP), total reactive phosphate orthophosphate (TRP), soluble reactive
phosphorus (SRP) and total dissolved phosphorus (TDP). TP and SRP were deter-
mined by PhosVer3 Acid Persulfate Digestion/Photometric Method 8190; the procedure
is equivalent to USEPA Method 365.2. The PhosVer3 Ascorbic Acid Method 8048 was
performed to determine concentrations of TRP and TDP. PP is the difference between
TP and TDP. Nitrogen parameters monitored were: total nitrogen (TN), particulate ni-
trogen (PN), total inorganic nitrogen (TIN), dissolved inorganic nitrogen (DIN) and total
dissolved nitrogen (TDN). TN and TIN were determined from unfiltered whole water
samples using the Persulfate Digestion Method 1071/Photometric. DIN and TDN were
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determined from filtered samples by Cadmium Reduction Method 8171/Photometric.
PN was calculated as the difference between TN and TDN. As an accuracy check,
standard samples were included in the analysis of all chemical constituents.

3.2 Load calculation

The nutrient load from a catchment over a period of time can be estimated by integrat-
ing, over time, the product of river discharge and nutrient concentration as per Eq. (1).

.= / a,C,dt (™)

where L is the load over a time period (f, — 1), Q; is the discharge at time ¢, C; is the
nutrient concentration at time ¢, and dt is the time interval (t, — t;). C is measured in
mg L~" and @ is measured in m®s™" yielding L in g for the selected time period.

Where there are omissions or gaps in the record of nutrient concentrations, a means
of estimating the unknown concentration is required. Where such situations arise in
suspended sediment load analysis, the SSC is often estimated from the discharge us-
ing a suspended sediment rating curve between discharge and suspended sediment.

A similar approach can often be adopted for some P parameters, but N is not always
well explained by either discharge or suspended sediment concentration (Jarvie et al.,
1998) so alternative methodologies must be adopted. Linear interpolation for nitrate
load calculation has been found to be the best performing method by Kronvang and
Bruhn (1996), Moatar and Maybeck (2005) and Zamyadi et al. (2007). Beale’s ratio
estimator has been shown to perform well for medium to large sized watersheds (Cohn,
1995), however, it appears to be unverified at smaller scales (Zamyadi et al., 2007).
Smart et al. (1999) found that a model which estimates nitrate concentrations from
a sine curve gave the best results for the River Don in Aberdeen, Scotland, where
concentrations of nitrate ranged between 1 to 6 mg L~ over 11 yr of data and displayed
a strong seasonal pattern.
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To estimate loads in this paper, extrapolation from the regression curve was used to
calculate concentration values when 50 % or more of the dependant variable was ex-
plained by the Q or in-situ turbidity (Turbi) and was statistically significant (r2 >0.5and
a p value < 0.001). A similar approach has been undertaken by Quilbé et al. (2007) and
Lu et al. (2011). Where this was not the case, concentration values were interpolated
to fill the gaps in the daily record assuming concentration changed at a constant rate
per day. Loads for a given time period were then calculated as shown in Eq. (2).

n
Le = ZC/Q,' (2)
i=1

where L, is the average estimated yield in gs'1, C, is the concentration in mg L~ for

data point /, Q; is the measured discharge in m3s™" for data point / and n is the total
number of records.

4 Results
4.1 Hydrology

Figure 2 shows the precipitation, flow hydrograph and turbidity signal for the monitoring
period. Rainfall and river discharge are typically larger in the metrological Irish winter
months of November to January and lower values are found for the July to September
time period. Rainfall in 2011 (1014 mm) was greater than the annual rainfall in 2010
(859 mm) and both years were “drier” than the long term annual average (1208 mm)
following a very “wet” year in 2009 (1574 mm).

Maximum total monthly rainfall over the monitoring period was 246.7 mm in Novem-
ber 2009 while the lowest monthly total was 17.1 mm in August 2010. The maximum
daily discharge during the monitoring period was 16.3 m>s~' and was associated with
high water levels due to prolonged rainfall during October and November 2009. Serious
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flooding was reported throughout the SWRBD during this period. The lowest discharge
was observed in October 2010 at 0.28 m®s™". The River Owenabue exhibits a flashy
hydrograph with suspended sediment concentrations and sediment associated nutrient

concentrations responding quickly to high flow events.
4.2 Concentrations

The largest TN concentrations occur during the winter months of November, Decem-
ber and January (Fig. 3a). Concentrations were lowest during the July to September
period. The annual mean TN concentrations for 2010 and 2011 are 4.7 and 4.6 mg L~
respectively.

The range in TDN was large with concentrations varying between 0.5 and 8.3 mg L.
The variation in PN was larger with concentrations ranging from 0 to 14 mg L~". TDN
dominates the TN measurement, with the mean TDN content of the samples being
76 %. The variation of TDN content was high with a range between 20 and 100 % of
the TN measurement. Correspondingly, PN constituted 24 % of the TN concentrations
of the samples, with a range from 0 to 84 %.

TP concentrations are generally higher in winter although the winter of 2011 had no-
tably lower concentrations (Fig. 3b). Annual mean TP concentrations were 0.1 mg L
in both 2010 and 2011. TP is dominated by TDP, with TDP concentrations ranging from
0.01t00.19mg L~ and having an average concentration of 0.06 mg L~". PP was found
to vary from 0.0 to 1.28 mg L~ indicating PP to be much more variable than dissolved
phosphorus. The range of TDP within TP samples varied between 11 and 100 % with
61 % of all samples being dominated by TDP. The range of PP in the TP sample varied
between 0 and 89 % with an average of 39 %.
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4.3 Nutrient relationships and yields

Table 1 shows the result of a correlation analysis between the measured nutrient pa-
rameters. Both linear and power based regressions were investigated with the largest
r? values reported.

All regressions were found to be statistically significant (p values < 0.001). SSC, TP,
TRP, and PP were all found to have r? values (coefficient of determination) greater than
0.5 when regressed linearly against in-situ turbidity (Turb;). In particular, TP and PP
were very well correlated with turbidity. Based on the correlation between P parameters
and turbidity, all P parameters were extrapolated from their respective regression cures
with turbidity. This approach was taken as using a mixed approach for TDP, which was
the only P parameter with an r? value lower than 0.5 would have introduced a conflict
with the TP /PP /TDP ratios. Nitrogen parameters were calculated using the method in
Eq. (2).

Yields of nitrogen and phosphorus passing the gauging station are presented in Ta-
ble 2 for the years 2010, 2011 and also for the entire monitoring period. The mean
TN vyield is 4004 kg km'zyr'1 for the full monitoring period with a mean PN vyield of
982kgkm™2yr~!, 25% of the TN yield. Mean TP yield is 92.6 kgkm™2yr~' with a mean
PP yield of 48.7 kg km'2yr‘1, 53 % of the TP yield. These yield values are highly in-
fluenced by the major storm event of 2009 as illustrated in Table 2 where the mean
yields for the full years of 2010 and 2011 are much lower. The mean contribution of PN
and PP is estimated to be 5.66 and 0.28 % respectively of the annualised suspended
sediment load which is 17 331 kg km™2 yr'1.
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5 Discussion
5.1 Nitrogen and phosphorus concentrations

The pattern of TN concentrations on the Owenabue River are consistent with other
studies where concentrations are greater in winter and lower in the summer (Webb
and Walling, 1985; Neill, 1989). Neill (1989) found an average nitrate concentration
of 5.1mg L™ for the River Burren in Ireland with a range of nitrate levels from 2 to
9mg L™, while this paper presents a range of 2 to 7mg L™" on the River Owenabue. In
the River Don in Aberdeen, Scotland, Smart et al. (1999) found that concentrations of
nitrate ranged between 1 to 6 mg L™ over 11 yr of data and displayed a strong seasonal
pattern. A similar range (0.1 to 7mg L'1) was found for the River Dee in Scotland by
Stutter et al. (2007).

The annual mean concentration of TRP on the River Owenabue over the monitoring
period was 0.05mg L~ which is in excess of the European Communities Environmental
Obijectives (Surface Water) Regulations 2009 for achieving good status.

Discharge was found to be an important factor which influences the particulate frac-
tions of nitrogen and phosphorus. For example, PN was found to be the dominant P
parameter in 11 % of the water samples and these samples have an average discharge
of 3.46 m®s™", which is 107 % of the average discharge over which all the samples were
collected. This indicates that increased flow increases the PN portion of the TN sam-
ple. Results were more pronounced for phosphorus concentrations where the mean
discharge when PP dominated samples was 180 % of the mean discharge over all the
samples.

Mean TP concentrations on the River Owenabue are consistent with a value of
0.15mg L™ for the small 14km? Dripsey catchment located nearby (Jordan et al.,
2005) and also with values reported by Scanlon et al. (2004) in a nearby small sub-
catchment of the Dripsey. Mainstone et al. (2008) references a target value, citing the
standards set forth in the 2004 “Common Standards” drawn up by UK nature conser-
vation agencies, of 0.06 mg L~" for total reactive phosphorus (TRP) for rivers underlain

119

by sandstones and mudstones with background TRP levels of 0.02 mg L™". The mean
TRP value on the Owenabue River for the study period is 0.05 mg L~ suggesting it to
be on the threshold of being polluted. In addition, the mean concentrations of SRP on
the River Owenabue (0.03 mg L_1) were much higher than those found in the unpol-
luted River Dee, Scotland (Stutter et al., 2007) which is of particular concern because
SRP is the most immediately bioavailable form of phosphorus to aquatic organisms.

N: P stoichiometry is widely used to define P or N limitation for plankton growth,
which leads to eutrophication. A molecular N : P ratio greater than 16 (Redfield Ratio)
indicates P to be the limiting nutrient, while N : P ratios lower than 16 indicate N to be the
limiting nutrient. The mean N : P ratio of the Owenabue River for the entire study period
was 43, indicating that plankton growth and thus eutrophication in the Owenabue River
is controlled by P inputs, rather than N inputs. This is important in the context of the
WEFD where rivers must achieve good status by 2015 and the Owenabue River has
been identified as being at risk of not meeting this target based on both point source
pollution from wastewater treatment plants and diffuse sources such as septic tanks
which have a high P content.

5.2 Storm event nutrient dynamics

The dynamics between PN and TDN vary considerably at the intra event scale. In-
creases in TP and TN during a typical storm event of January 2010 were found to be
primarily driven by increases in PP and PN. The profile of both N and P is shown in
Fig. 4 for the event. Maximum peak flow recorded during the event was approximately
13.7m3%s™", compared to a discharge of 3.1 m3s™" atthe beginning of the event. Initially
there is a sharp decrease in TDN (Fig. 4a) which is partially offset by an increase in
PN concentrations which are sufficiently large initially to reverse the overall downward
trend in TN concentration. When the initial flush of PN passes, the TN concentration
continues to decline. The decline in TN indicates that the nitrogen in the river is being
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diluted by increased flows, which has also been reported by others (Salvia-Castellvi
et al., 2005).

A similar, but stronger trend is found for TP during the same storm event (Fig. 4b).
A significant increase in PP results in a significant increase in TP concentrations. The
increase in PP is due to the mobilisation of suspended sediment during the initial period
of the storm, whereas the sustained slightly elevated TDP concentrations most likely
arise from the leaching of P from soils through sub-surface flow. The TP loads, and in
particular the PP load is therefore mainly determined by infrequent storm based events,
and particularly on the rising limb of the hydrograph of such events. The high correla-
tion of PP with turbidity as presented in Table 1 is further evidence of the important
relationship between PP and suspended sediment transport.

5.3 Nutrient loads and yields

Seasonal loads are presented Fig. 5. Winter loads of TN vary from 96 to 3111t for the
three winters monitored. TP loads vary from 3.2 to 8.4t. During the winter, PN and
PP contribute 27 and 55 % respectively to the total N and total P load while during
the summer PN and PP contribute 19 and 45 % respectively to the total N and total P
loads.

Both P and N loads are primarily transported in the winter months with loads de-
creasing through spring, summer and autumn (Fig. 5). In the winter, TN loads increase
primarily due to an increase in TDN, while TP increases due to elevated TDP and PP
loads. The increase in the particulate fractions can be explained by soil erosion and
catchment run-off which enters the river during winter floods. This finding is consis-
tent with other studies (Lu et al., 2011) and is supported by the high proportion of the
suspended sediment load delivered during high flow events on the River Owenabue
(Harrington and Harrington, 2012).

The mean annual yield of TN (4004 kg km™2 yr‘1) is larger than a reported value of
2545kg km‘zyr"1 for the 155km? Burren catchment in Ireland (Neill, 1989) but the
2010 and 2011 TN yields, which do not include the major storm event of 2009 compare
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well to the Burren Catchment. The TN yield is approximatelg double that of the 73 km?
Cadiére River in France where TN yields were 2217 kgkm™ yr‘1 (Gouze et al., 2008).

The mean annual TP yield (92.6kg km™2 yr"1) is slightly higher than that for
the similarly sized River Cherwell catchment in England where the TP yield was
76.4kg km_zyr_1 (May et al., 2001) and also corresponds with a reported range of
54-82kg km™2 yr_1 found for similar sized catchments in Italy by Marchetti and Verna
(1992). A similar range of values was found in Sweden (10—-90kg km™2 yr"1) where the
higher values were attributed to heavier soils types and a higher proportion of annual
crops and associated ploughing (Kyllmar et al., 2006).

6 Conclusions

The results show that discharge and SSC influence the concentration of nitrogen and
phosphorus. Nutrient concentrations were found to be highly variable. Significant varia-
tions were observed at the within event and seasonal scale. At the seasonal scale most
of the SSC, nitrogen and phosphorus are transported in the winter months when run-off
rates are generally higher. At the within event scale, the proportions of particulate and
dissolved nutrients vary due to changes in the source of supply. Typically, particulate
fractions initially dominate before becoming exhausted, and dissolved forms become
more dominant.

Turbidity was found to be a suitable surrogate for phosphorus parameters and in par-
ticular TP and PP but nitrogen parameters were not well correlated with either turbidity
or discharge, as is generally found in the literature. Estimated TN and TP yields were
found to be at the higher end of scale in terms of UK and European catchments, but
this was significantly influenced by the large storm event of 2009.

The particulate portion of N and P was found, on average, to contribute 24 and 39 %
of TN and TP respectively for the samples collected. Overall, the yield of PN and PP
was estimated to be 25 and 53 % respectively of the TN and TP yields. Phosphorus
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inputs, in particular from diffuse agricultural sources are a significant potential risk given
that they are highly dependent on run-off processes, unlike point sources.

TN concentrations were diluted during storm events, despite an initial increase in par-
ticulate concentration signifying that its transport mechanism does not respond quickly
to river discharge or overland flow. Conversely, TP was found to respond quickly to
river discharge and overland flow where both the dissolved and particulate fractions of
phosphorus increase during storm events.
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Table 1. Correlation matrix of r> values from regression for the measured variables on the River

Owenabue.
Q Turb;, SSC TN TDN TIN  DIN TP  TDP TRP SRP PP PN
Q
Turb; 0.568
SSC 0.355 0.860
TN  0.089 0.021 0.038
TDN 0.057 0.008 0.009 0.529
TIN 0.044 0.087 0.080 0.461 0.325
DIN 0.056 0.058 0.057 0.748 0.441 0.748
TP 0379 0.804 0.878 0.036 0.003 0.071 0.057
TDP 0.368 0.363 0.306 0.020 0.001 0.042 0.190 0.464
TRP 0487 0.557 0.520 0.011 0.017 0.159 0.124 0.593 0.541
SRP 0.603 0.527 0.414 0.006 0.0017 0.108 0.090 0.502 0.637 0.749
PP 0389 0.778 0.886 0.037 0.007 0.043 0.041 0.967 0.277 0.495 0.381
PN 0.160 0.018 0.028 0.607 0.003 0.210 0.008 0.032 0.037 0.022 0.011 0.026

Note: Red/italic font indicates linear regressions, black plain font indicates power based regression and underlined values are those where the
regression equation explains greater than 50 % of the variation.
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Table 2. Annual nutrient yields (kg km"zyr"1) for the River Owenabue for the full years of 2010
and 2011 and for the entire monitoring period (16 September 2009 to 9 February 2012).

TN  TDN TIN DIN PN TP TDP TRP SRP PP
2010 3353 2853 3330 2791 500 79.0 312 28.1 184 430
2011 3141 1857 3123 2219 1284 598 36.6 24.0 154 271
Entire monitoring 4004 3022 3662 2878 982 92.6 519 33.7 229 487

period (Annualised)
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Fig. 1. Location of the River Owenabue catchment and gauging station.
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