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Synopsis
This report is comprised of 3 main sections:
1. the research work undertaken during the Fellowship.
2. main benefits to the Fellow and other activities carried out.
3. main benefits to the Fellow´s and host institutions.

1. The research work undertaken:
One of the main activities carried out was the comparison of high frequency, in-situ
water quality analyses and sensors with conventional water sample collection and
laboratory analyses for both phosphorus and nitrogen species. A scientific paper is in
process as the main outcome of the research work undertaken.

Introduction
Long-term routine, but infrequent, water quality sampling used widely in strategic
scale monitoring provides insight into longer-term trends (e.g. Howden et al., 2010)
but fails to capture higher resolution data necessary for insight into hydrological and
biogeochemical processes and responses including evidence of non-stationarity, selforganisation and fractals (Harris and Heathwaite, 2005; Kirchner and Neal, 2013).
Advances in environmental monitoring technology mean that it is now possible to
collect high resolution measurements of a wide range of water quality parameters,
providing detailed insight into hydrochemical temporal dynamics. Technologies vary
depending on the parameters being measured, but typically include in-situ,
automated wet chemistry apparatus (e.g. for phosphorus analysis) or UV optical
sensors (e.g. for total oxidised nitrogen) (Palmer-Felgate et al., 2008; Cassidy and
Jordan, 2011; Donn et al., 2012; Carey et al., 2014; Skeffington et al., 2015; Campbell
et al., 2015; Bieroza and Heathwaite, 2015, in press; Bowes et al., 2015; Mellander et
al., 2015, 2016). Frequency of measurements vary, ranging from every minute (or
less) to hourly, depending upon the parameter, but more typically at 15-minute
intervals. In situ wet chemistry analysers and optical sensors have been shown to
deliver important insights into nutrient fraction dynamics in response to discharge
(Mellander et al., 2015) and catchment management (Perks et al., 2015). High
resolution sampling and analysis in situ captures a broader range of pollutant
concentrations than routine infrequent sampling and thereby elucidates hysteresis,
diurnal patterns and non-storm dependent transfers (Heffernan and Cohen, 2010;
and Bende-Michl et al., 2013). In situ monitoring can be used to identify pollutant
transfer typologies. For example, Jordan et al. (2005) used in situ wet chemistry
analysis to detect three types of total phosphorus (TP) transfer event: chronic stormindependent transfers reflecting on-farm slurry and fertiliser applications, acute
storm-dependent transfers associated with agricultural diffuse pollution, and acute
storm-independent transfers reflecting specific incidental pollution events. In situ
devices remove sample storage requirements and provide a means of avoiding water
sample storage-associated chemical transformations (Bende-Michl and Hairsine,
2010).

Previously, studies were limited to the collection of water samples either manually or
using automated water samplers, and then transfer of samples to laboratories for
analysis by wet chemistry and colourimetric methods. However, despite transforming
the hydrologic sciences over the past 50 years (Rode et al., 2016), questions still
remain about the precision of measurements made using these new in situ
technologies relative to standard sample collection and laboratory analysis. The
traditional autosampler approach followed by laboratory analyses of nutrient content
can carry risks and uncertainties associated with a number of problems, including
small sampling volume, preferential sampling effects, limited coverage of the stream
cross-section and transformation risks during storage in conjunction with time delays
between sample collection and subsequent laboratory analyses (Kotlash and
Chessman, 1998; Harmel et al., 2006; McMillan et al., 2012). Storage-associated
transformations are a risk in conjunction with a range of physical and biochemical
processes including hydrolysis, sorption, precipitation, microbial uptake or release
and complexation (Jarvie al., 2002; Harmel et al., 2006). Previous work (e.g. McMillan
et al., 2012) has suggested that biogeochemical effects can contribute more to
uncertainty than preferential sampling or lower extraction of sediment-bound P. The
greatest losses of dissolved nutrients in water samples are associated with low
concentrations, with losses up to 50% for nitrate (NO3) and 67% for soluble reactive
phosphorus (SRP) after 6 days of storage with no refrigeration (Kotlash and
Chessman, 1998). Such uncertainties are also reported by Lloyd et al. (2016) who
report an almost 10-fold increase in uncertainty of both NO3 and TP loads collected
over 2 years in a river in the UK when comparing laboratory data to data collected
using automated sensors.
This raises the question of whether high frequency, low precision data is better than
low frequency, high precision data. Rode et al. (2016) recognize that there are major
issues related to calibration of automated sensing equipment and the need for regular
servicing, along with a pressing need for the development of automated tools and
standards for data quality assurance (Campbell et al., 2013). There is still much work
to be done in quantifying the precision of automated water quality sensors, and here
we report the findings of a study comparing measurements of TP, total reactive
phosphate (TRP), total oxidised nitrogen (TON) and ammonium (NH4) collected
using both automated equipment and concurrent water samples analysed in the
laboratory. We test the hypothesis that automated measurements of these
parameters can be as precise as those acquired by laboratory analysis of manually
collected water samples analysed using standard laboratory techniques.
Materials and Methods
The study was performed on three catchments of the North Wyke Farm Platform.
Each catchment is equipped with a flow sensor and with a set of water quality
instruments that draw water from a weir for an automated, quasi-continuous

measurement of several water properties (details of instruments used are given
below).
Parameters measured in this study were concentrations of TP, TRP, NH4 and TON.
Total P and TRP were determined by a Phosphax device coupled to a Sigmatax
machine that pumps and prepares a fresh sample to the Phosphax at approximately
15-minute intervals. The Phosphax was set to alternately determine total or reactive
P, so that each parameter was measured at approximately 30-minute intervals. The
NH4 and TON measurements were performed respectively by a YSI 6600 and a Hach
Lange Nitratax probe fitted in a by-pass cell that is filled and emptied by a water
pump, also at 15-minute intervals.
This study was performed during a single runoff pulse caused by a rainfall event on
the 3rd of December 2015, which lasted approximately 7 hours. A rainfall gauge
located approximately in the centre of each catchment measured a total precipitation
of 7 - 10 mm for the event.
Water samples were collected with an automatic sampler (ISCO) set up through a
central computer to collect samples in relation to changes in discharge in each
catchment. The flow thresholds used for this are detailed in table 1. Also, samples
were taken manually, in order to cover a wider time window, both prior to and after
the runoff event. A subset of these samples were taken at exactly the same time as the
Sigmatax sampled in order to obtain directly comparable paired samples from the
different data collection approaches. All water samples were kept at 4◦C and a
subsample was filtered (<0.45m) within 48 h prior to analysis. Both types of
samples (filtered/ unfiltered) were analysed for TP and TRP in the laboratory.
Reactive P was determined using the molybdenum-blue with ascorbic acid method
(also known as the molybdate reactive P).

Table 1. Triggering thresholds of autosamplers (mm/h).

A
B
C
D
E
F
G
H

<0.3
0.5 – 1.0
1.1 – 1.5
1.6 – 2.0
2.1 – 2.5
2.6 – 3.0
3.1 – 4.0
4.1 – 5.0

I
J
K
L
M
N
O
P

5.1 – 7.0
7.1 – 9.0
9.1 – 12.0
12.1 – 15.0
15.1 – 18.0
18.1 – 21.0
21.1 – 30.0
30.1 – 40.0

For all four parameters, the sampling times rarely coincided exactly between the 15minute in situ measurements and the autosampler samples (whose data was
measured in the laboratory). Thus to make use of all the autosampler data, the 15minute data were infilled (or predicted) to provide an exact match with the
autosampler sampling times. This was achieved using a splines fit via the na.spline()

function in the zoo R package (Zeileis and Grothendieck 2005). Outputs of prediction
uncertainty were not sought, although future work could transfer this uncertainty
into the subsequent relationship analyses (e.g. via weighted correlations and
weighted regressions).
Figures 1 to 4 display the in situ and lab-measured data, both in a times series form
and in a scatterplot form. The scatterplots are given with the 1:1 line and with a userspecified +/- dashed error band for context. In all plots, data that were infilled are
clearly highlighted. Goodness of fit diagnostics are given in the form of:
1. a correlation coefficient between in situ and lab-measured data (with p-values for
significantly different to zero).
2. the intercept and slope parameters from a simple linear regression fit between the
in situ and lab-measured data (with p-values for significant differences to zero and 1,
respectively). These values are given in Table 2.
3. the R-squared values from the regression fits in (2), above. These values are also
given in Table 2.
Results

Figure 1: Total Phosphorus

Figure 2: Phosphate

Figure 3: Ammonium

Figure 4: Total Oxidised Nitrogen

Table 2: Summary of simple linear regression fits for sensor versus lab-measurements.
Variable
Total Phosphorus

Phosphate

Ammonium

Total Oxidised Nitrogen

Catchment
2
5
8
2
5
8
2
5
8
2
5
8

R-squared
0.85
0.84
0.85
0.19
0.09
0.19
0.01
0.69
0.83
0.97
0.96
0.97

Intercept
22.16
-2.06
49.08
23.23
21.61
21.65
0.24
0.05
0.46
0.63
1.20
0.80

p-value
0.035
0.895
0.016
0.004
0.003
0.001
0.000
0.000
0.000
0.000
0.000
0.000

Slope
0.78
1.09
1.03
0.46
0.22
0.40
-0.16
0.67
2.17
0.54
0.70
0.60

p-value
0.000
0.000
0.000
0.017
0.104
0.006
0.667
0.000
0.000
0.000
0.000
0.000

Discussion and conclusions
Discussion on problems with sample storage:
Contamination of water samples can occur as a result of numerous factors, starting
with storage bottles which can be contaminated as a result of their manufacturing
process (Worsfold et al., 2005; Haygarth et al., 1995), Another potential problem with
the use of bottles is associated with both size and shape, as well as the material from
which they are made. These issues relate to the adsorptive capacity of materials and
the amount of contact a sample has with it; maximising sample volume:bottle surface
area ratio and using bottles made from low-adsorptive materials e.g.
polytetrafluoroethylene (Haygarth et al., 1995), or pre-treating sample bottles with
solutions containing chemicals of interest (Ryden et al., 1972) can help reduce errors.
Other factors affecting the extent and significance of sorption are sample pH, initial
solution concentration (because sorption losses at low concentrations may be
relatively more significant than at higher concentration), temperature and storage
period (Latterel et al., 1974; Ryden et al., 1972).
Rapid filtration of samples (typically <0.45 μm)is also recommended in order to
exclude microbial cells and inorganic particulate material, which can result in
changes in physical or chemical forms of P through processes such as microbial
uptake or adsorption in unfiltered samples (Lambert et al., 1992; Worsfold et al.,
2005; Jarvie et al., 2002). Biological processes and sorption to particulate matter can
be rapid; Lambert et al. (1992) reported that concentrations of total dissolved P
(TDP), total reactive P (TRP) and dissolved reactive P (DRP) decreased substantially
over a four-hour period in unfiltered lake water samples. Lentz (2013) reported that
filtering agricultural irrigation runoff samples stabilised concentrations of NO3, NH4
and PO4-P irrespective of sample storage and treatment protocols, whilst delaying
filtration by 10 days combined with a 107 day storage period at 4°C for both sets of
samples, resulted in a 270 % increase in NO3 concentration and an 80% increase in
DRP concentration compared to immediate onsite filtering.

Ideally, samples should be analysed immediately after collection to minimise any
sample degradation, but sample storage is usually unavoidable prior to analysis. The
concentrations of nutrient elements within water samples can vary during storage as
the result of a wide range of physical, biological and chemical processes including
sorption, hydrolysis, precipitation, complexation and microbial uptake and release
(Jarvie et al., 2002). Therefore, in addition to the type of vessel in which storage takes
place, the storage conditions need to be considered in order to preserve sample
composition and limit the physical, chemical and biological processes which can
degrade or alter the form of dissolved nutrient fractions (Fellman et al., 2008;
Gardolinski et al., 2001; Kowalnko et al., 2002). There are multiple methods of water
sample preservation during storage, including refrigeration at 4ºC, freezing and the
addition of chemicals, such as chloroform or acid. Each of these preservation
approaches can have different effects on sample chemistry, and therefore numerous
studies have been conducted to determine the most appropriate storage protocol in
order to limit sample degradation.
Freezing water samples is a common practice which can be effective for long term
storage of water samples (Jarvie et al., 2002). However, a key restriction to the use of
freezing in order to preserve water samples is the potential for cell lysis to occur,
thereby increasing the concentration of dissolved N and P upon thawing, although
this effect may be reduced by sample filtration prior to freezing (Nelson and
Romkens, 1972; Fitzgerald and Faust, 1967).
The addition of chemical preservatives, such as chloroform, mercuric chloride
(HgCl2) and iodine, can also be used as an alternative sample preservation strategy,
but the use of chemical preservatives may have negative effects in terms of sample
stability, because their use can result in increased nutrient concentrations as both
organic and inorganic nutrient fractions are released into solution following
microbial death and cell lysis (Jarvie et al., 2002; Lentz, 2013).
Refrigeration at 4ºC has been suggested to be a suitable sample preservation
approach, reducing the rate of many metabolic processes compared to room
temperature and thereby minimising sample degradation. Beyond reduced metabolic
rates under refrigerated conditions, a further benefit of sample refrigeration is the
limited contact between the sample and light, thereby reducing sample degradation
due to photosynthetic processes or due to photo-degradation (Jarvie et al., 2002;
Haygarth et al., 1995).
It is challenging to define a single sample storage protocol which is suitable for all
sample matrices and analytical parameters of interest (Gardolinski et al., 2001;
Haygarth et al., 1995; Moore and Locke, 2013). However, it is commonly accepted
that immediate onsite filtration of samples using 0.45 μm CA filters, storage at 4ºC
and chemical analysis within 24 h, is a suitable protocol in order to limit the
degradation of nutrients within water samples (Worsfold et al., 2005).

Considering the vast number of opportunities for sample contamination or alteration
prior to analysis, it can be concluded that rapid analysis of samples without storage is
likely to provide the most accurate results. Our data from the phosphax suggest this is
the case, because the patterns they follow over the course of a storm event follow a
typical initial flush/peak concentration, followed by a gradual but smooth decline on
the falling limb of the hydrograph.

2. Main benefits to the Fellow and other activities carried out.
From my involvement in the research group lead by Dr. Martin Blackwell and the
North Wyke Farm Platform team I gained several benefits and experiences of a wide
range of experimental platforms and projects. These, along with other activities that I
became involved in, are summarized below.
1. Farm-scale environmental research platforms. The case of the North Wyke Farm
Platform:
The research work detailed in previous section was undertaken at the North Wyke
Farm Platform. Part of the main facilities of this unique experimental resource are
illustrated in pictures 1 to 6.

Picture 1. A French Ditch at the edges of each catchments collects and conducts runoff to a
weir at the catchment outlet. A cabin (at the center of the image) houses a field water
laboratory.

Picture 2. View of the catchment outlet, equipped with a V notch weir at final discharge of
runoff water. Dr. Martin Blackwell (RRes North Wyke) explains to Dr. Fabio Montossi
(General Director of INIA Uruguay) the functioning of the water quality field facilities at the
Farm Platform.

Picture 3. Before final discharge, runoff water is sampled and measured by the automatic
equipments housed in the cabinet.

Picture 4. More detailed view of runoff water sampling tubes in the channell before final
discharge at V notch weir in the far end.

Picture 5. General view of the field laboratory in the cabinet in each of Farm Platform
catchments.

Picture 6. More detailed view of part of the equipment in the field water laboratories at the
North Wyke Farm Platform. A Sigmatax (upper left) draws and prepares the samples for a
wet chemistry analysis in a Phosphax machine (center). ISCO autosamplers (bottom left)
are used for sample collection for conventional analytical lab procedures.

Such an experimental resource, equipped with state-of-the art sensors and probes
that deliver (quasi-) real-time data to a central computer is a very powerful scientific
platform. Although these comprise automated instruments, they still require a highly
trained and dedicated human resource to ensure their proper maintenance for high
quality information (picture 7). Also, a central data-base system has to be operated
and maintained as well as quality controlled.
Several disciplines, programs and research groups are encouraged to carry out their
projects within the platform. In this way, research questions being addressed will be
relevant to both the specific disciplines and the general goals of the system. A big
challenge is to allow and ensure that many activities can be carried out in the same
space- and time frame. Therefore, a committee is appointed with the assignment of
establishing and assessing the general procedures. Also the committee considers (and
approves) applications for new research work on the platform.
The existing database is available to the scientific community. For this to be properly
managed, the committee also evaluates applications for data and give
recommendations to ensure its correct use.

Picture 7. Monthly servicing and recalibration of water probes.

Picture 8. Water samples collected with autosamplers can be stored and /or further
processed for analytical lab procedures. In the research work undertaken, analyses were
total phosphorus, total reactive phosphorus, oxidysed nitrogen and ammonium.

2. Long-term field experiments and resources:
Rothamsted Research is world famous for its plot-scale, long-term field experiments
located in Harpenden. I had the opportunity to visit these facilities (pictures 9 and
10) and meet with colleagues at Harpenden to learn about the long term
experiments.

Picture 9. A visit to the classic long term plots in Harpenden. Dr. Martin Blackwell (right)
with part of his group and ; Dr. Andres Quincke (left). Behind the Broadbalk experiment,
which begun in 1843 to compare effect of inorganic fertilisers on wheat yield with farm
yard manure.

Both Rothamsted and INIA were simultaneously undertaking a process of revising the
long term experimental resources. I participated in a number of meetings to advance
on this. According to the appointed working group of RRes, some of the current uses
of Classical Experiments have been:
- as a reference point for environmental monitoring
- for understanding drivers of productivity
- for understanding ecological processes (and developing models)
Similar uses were also main objectives for long term experiments in Uruguay, with
the one of them having been started in 1963. The scientific production (as journal
papers) has been considerably lower for the case of Uruguay.

Another relevant discussion in this analysis is given by the (potential) constrains of
current experiments. For instance the lack of replications is clearly applicable for the
case of pioneering long term experiments that were started before the development
of modern statistical methods. Other identified design aspects that may constrain the
usefulness of long term experiments are proper plot size and realistic rotations and
crops.
From both institute´s high leadership there was serious interest towards a new,
multisite, international long-term experiment. Discussions via videoconference took
place between RRes and INIA.

Picture 10. The sample archive at RRes Harpenden.

3. Main benefits to the Fellow´s and host institutions:
During the fellowship, regular exchanges and discussions between both organisations
resulted in the development of an "International Partnering Award" proposal
submitted to the BBSRC. The project "Developing metrics and use of long term
datasets in grassland systems", was awarded and its goals are:
- Promote exchange of scientific knowledge via visits to each other's laboratories and
field facilities via workshops at the start and end of the project.
- Promote training via longer visits by students/postdocs from both organisations.
- Share laboratory facilities and field equipment that are not available to the other
organisation.
Specific objectives are: (i) develop metrics for GHG emissions, other pollutants to
water courses from grazed fields, nutrient use efficiency, and animal performance;
(ii) apply models incorporating the new metrics, including SPACSYS and tools
including the RRes cost-benefit modelling framework to undertake scenario analyses
for the technically feasible impacts of interventions on grazed systems; (iii) use the
developed metrics and model outputs in a cost-benefit framework to compare the
efficiency of nutrient utilisation and associated animal performance; (iv) use
informatics to assist INIA researchers with data handling/QA and data archiving.
Report completed December 2016
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