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Abstract Agricultural watersheds in the Czech Republic are one of the prisaairces
of nonpoint source phosphorus (P) loads in receiving waters. Since such nsopoies
are in headwater catchments, streamflow and P concentratioardasparse. We show
how very short daily streamflow and P concentration records cacoimdined with
nearby longer existing daily streamflow records to resuleliable estimates of daily and
annual P concentrations and loads. Maintenance of Variance steamdcord
Extension methods (MOVE) are employed to extend short streamfémerds.
Constituent load regressions are used to predict daily P constiadstffom streamflow
and other time varying characteristics. Annual P loads are thsiamaged. Resulting

annual P load estimates ranged from 0.21 to 95.4 kg' yei#lt a mean value of 11.77 kg
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year'. Similarly annual P vyield estimates ranged from 0.01 to 0.3 Kgea' with an
average yield of 0.07 kg Hgear'. We document how short records of daily streamflow
and P concentrations can be combined with a national network of dabmdkow
records in the Czech Republic to arrive at meaningful and reksi@ates of annual P

loads for small agricultural watersheds.

Key words total phosphorus; agricultural watersheds; MOVE; regression, atore|

load

INTRODUCTION

Phosphorus plays a significant role in surface water eutrophicatiag it often
limits the growth of freshwater phytoplankton (Correll 1998), namgrmful
cyanobacterial blooms which present the most serious manifestateutrophication.
Substantial reduction of phosphorus loads will be required to meetghevhater quality
standards set by the Water Framework Directive of the Eurdgeam. While various
control measures have been successfully adopted for point sources oabmpdiha
regulation of non-point sources is much more challenging due to diiswdssociated
with the identification of source areas, quantification of pollution apdlication of
appropriate control measures. Thus increasing attention should focus on reduction of non-
point pollution.

Agricultural land use is a significant non-point source of phosphorus. Phosphorus
is transported mostly by surface or subsurface runoff in the dexb@nd particulate

phase. An important source of phosphorus is the soil itself though thentaftsoil
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phosphorus varies among soil types and depends on the underlying gedtwgiesibn.
The natural content of soil phosphorus is further increased byizEartand manure

application. Transport of phosphorus can be accelerated by inappragrateltural

©CoO~NOUTA,WNPE

practices due to increased soil erosion and/or due to excessiveaapplof fertilizer or

13 manure or applications at the wrong time and/or place. An overviepha$phorus

15 sources and transport from agricultural land is given by Hat €2004) and Hansen et

18 al. (2001).

20 A long record of soil testing in the Czech Republic indicatesgaifgant
relationship between fertilizer application and available soilcdatent. Intensive

25 agriculture, promoted in less fertile regions and accompanied ¢y &male application

27 of fertilizers especially in the 1970s and the 1980s, resulted incapase of available

soil P throughout the country (Central Institute for Supervising and Testing icufgre

32 2009). Accordingly, after the political change in 1989 which wasofi@d by an

34 economical transformation, the consumption of P fertilizers desnleastil now up to

25% of the mean consumption prior to 1989 (Klement & Susil, 2009). The consequent
39 decrease of available soil P was not reported until the mid-199Qkeblater results of

41 soil testing showed a decrease of available soil P on arableldgrads average of 5 mg

a4 kg between 1993-1998 and 1999-2004 soil testing cycles (Klement & Susil, 2005) and
46 further decrease by an average of 7 mg bgtween 1999-2004 and 2003-2008 soil
testing cycles (Klement & Susil, 2009). Despite these trendvafahle soil P levels

51 described above and improvement of point sources of phosphorus, eutrophication of

53 rivers and reservoirs remains a serious water quality problem.
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In this study we introduce a methodology for quantification of annual tota
phosphorus (TP) loads in receiving waters associated with agradwvatersheds. We
describe a procedure for estimation of constituent loads in nvieich have only been
subject to sparse measurements of flows and concentrafiorsvoid the influence of
point sources, all study sites were located in agricultural hetadwatersheds without
any point source and permanent habitation. For such small waterstregigpekriods of
hydrologic and water quality data are not normally availablghHrequency water
quality and quantity sampling is often not feasible because it esgsignificant financial
and personnel resources. Instead, we introduce a cost effective megjyoadiich
transfers hydrologic information from nearby gaged watershedsg uggression
methods. The idea is to develop a relationship between daily fimeaagbservations at
gaged watersheds and daily streamflow observations at watenstiedsparse records
and then to use that relationship along with another relationship bestveamflow and
constituent concentrations to enable extension of very short recoptsoghhorus and
streamflow measurements into records useful for planning purposes.

For small watersheds, most of the phosphorus is transported by sunfexte
processes during rainfall events. Thus P concentration data shouldldatedoat both
fixed intervals and during rainfall-runoff events (Toor et al. 2008), lvisc- similar to
high frequency sampling — demanding in terms of time, finance and evgdnization.
Robertson & Roerish(1999) question the role of additional storm samples when
estimating annual loads on small watersheds because they canirrgsositive bias.
Instantaneous concentrations measured during storm events arevoftenmore orders

of magnitude higher than average daily concentrations. Storm sarsfrhitggies during
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extreme events are useful for calibration of watershed modelseamd well for the
description of temporal patterns in water quality, but should bestteztrefully if ones’
interest is only in estimation of unbiased annual loads (Robertsoroe&idR 1999;
Robertson 2003).

Typically, for small agricultural watersheds both water gyalitd flow records
are either unavailable, or extremely sparse. In such cassspibssible to transfer
hydrologic information from nearby sites with long-term floecords and/or with high
frequency sampling by employing the cross-correlation betwhert and long records.
Such information transfer techniques can by used to both fill-in mgisgservations and
to extend short flow records (Salas 1993).

The primary goals of this study were: 1) to obtain reliable uebi@stimates of
annual phosphorus loads for small agricultural watersheds in CentrapeE 2) to
demonstrate the utility of regression methods for extending Veny daily streamflow
records using information transfer techniques by exploiting tbeserorrelation with
nearby long-term streamflow records 3) to demonstrate thigy ofi regression methods
for estimation of daily phosphorus loads from short samples of P cosi@ms
combined with extended streamflow series for small watershetissparse flow and

concentration data.

METHODS
Study sites and data collection
Fourteen watersheds distributed around the Czech Republic weeslstigdig 20

sampling sites (Fig. 1). The watersheds exhibit only agri@lltand uses with primarily
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arable land and none of the watersheds contain point or diffuse sadngellution. The
watersheds range in size from 16 to 575 ha with a mean watenrseedf 198.6 ha. The
watersheds represent various agricultural regions and the mostoedynoccurring soil
types in the Czech Republic.

Daily P concentrations and streamflow discharges were meastirenonthly
intervals at the study sites during 2007-2008, which yields 24 observatidasand
streamflow at each site. Samples were analyzed to detefiRim®ncentration. In order
to extend these short streamflow records, long term daily dleamiata at nearby gages
was obtained from the national monitoring network operated by @zech
Hydrometeorological InstitutaVatershed boundaries were delineated in upstream areas
above the sampling sites in ArcGIS 9.1 using contour line vectors ddrom 1:10,000
maps. Watershed areas were then calculated in order for usnaterdefine TP yields
(kg ha'year') from computed annual P loads and watershed area. Statistalgbes

were carried out using the SPSS statistical package.
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Fig. 1 Location of study sites in the Czech Republic

Extension of Short Daily Streamflow Records

In this section, the goal is to use streamflow record extermsethods to create
complete daily flow series over the period 2007-2008 from the 24 valuesilyf
streamflow samples collected monthly at each study siteidBlaeis to exploit the cross-
correlation between the short flow records and nearby long-tedexirecords. In order
to find the best index station for each site we computed the Pegamsduct-moment
correlation coefficient between the logarithms of daily stréamft the study sites and
the various long term potential index gages in the vicinity of eidehThe index station
is chosen as that gaging station which exhibits the highest atoyrelbetween the

logarithms of the corresponding flow series.

7 :
URL: http://mc.manuscriptcentral.com/hsj



©CoO~NOUTA,WNPE

Hydrological Sciences Journal Page 8 of 23

Once an index gaging station is chosen, we employ the maintenavaganice
extension (MOVE) method for extending streamflow records. Thifiodeassumes that

the standardized logarithms of the daily flows are equal at both sites, so that

yt_lli\ly_x»[_X

G, S,

(1)

Wherey; andx; are the logarithms of the daily flows at the short and longrdesites,

respectively,X and s, are the sample mean and standard deviation of thexl@agord
and 2, and G, are specialized estimators of the mean and standard deviatrensifart

record designed specifically, to generate minimum variance andsedeatimates of the
extended values of daily streamflow at the short record site.

Various MOVE techniques were first suggested by (Hirsch 19882) later
improved slightly by (Vogel & Stedinger 1985; Grygier et al. 1989 ahdre) to reduce
the bias and variance in estimates of the mean and variance fdéviseat the short
record site and to obtain a reasonable and unique extended streamflow record.

In general, all MOVE methods can be described by rewriting equation (1) as

Y; =a+bx 2)
The principle of MOVE methods is to derive estimates of the moakficientsa andb,
in (2) that transform the long recoxddata into estimates gf in such a way that the
theoretical moments of the estimatgdalues equal their true, but unknown values. In
this study we used the MOVE3 introduced by (Vogel & Stedinger, 1®8b)the model
coefficients,a andb, reported by both Vogel & Stedinger (1985) and Salas (1993).

The goodness-of-fit of the resulting daily streamflow extamsiwere assessed

using the Nash-Sutcliffe model efficiency (NSE) (Nash & Hife¢ 1970). The NSE

8 . :
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coefficient ranges fromoe to 1, with higher values generally indicating a better fit.
Values of NSE<O indicate cases in which the extended sequence is a worsentapos
than if one were to simply report every extended streamflongusie sample mean of

the short streamflow record.

Phosphorus L oad Regression M odel Development

Phosphorus concentrations and daily streamflows are often apprdyimate
described by a lognormal distribution and the logarithms of concemtrand daily
streamflow is often well approximated by a bivariate normsiribution (Clarke 1990;
Vogel et al. 2005). Since loads are the product of concentration and flgpméealso
be approximated by a lognormal distribution. Therefore regressialysa between
loads and flows is usually performed after logarithmic transformation of batbies.

Regression models of TP load for each site were developed assarimenr
relationship between the logarithm of loads and streamflow. Th@eslog-linear model
can be further improved by accounting for nonlinearities, seasoreitgpred data, time
trends, and residual serial correlation (Helsel & Hirsch 1992; Cohn).198&gel et al.
(2005) showed that the correlation between the logarithms of load andsflalways
greater than the correlation between the logarithm of concemirahd flow. This is
termed spurious correlation (Kenney 1982) and results because loadpsoduet of
flow and concentration, thus load is functionally related to flow. Gthare noted that
although this increased correlation is spurious it may be usefaugmenting and
extending a short record of load. The following multivariate limegression was fit at

each site:
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In(L) = Po +PaIn(Q) +Pzsin(eT) + BscoseT) 3)
where L is the total phosphorus load in mgHa® is daily discharge in dhs*, Tis
Julian day,@ = 27/365 andpo ,B1, B2 andps are regression coefficients. The sin and cos

terms account for the seasonal variation in behawad phosphorus loads. Other terms
may be added to (3) such as a trend term, howewvess found that none led to model
improvements.

Stepwise linear regression selection procedures wenployed to determine,
whether the seasonal factors led to improvementsarmodel. Regression performance
was evaluated by using residual diagnostics to rassiiat model residuals were
homoscedastic and approximately normally distriduie addition, influence statistics
were used to identify and eliminate outliers. He&élirsch (1992) summarize methods
for development of such multivariate models inahgdia complete discussion of the
model diagnostics employed in this study.

Once developed, load regression models for eaeho$ithe form shown in (3)
were used in combination with the extended streamfliecords to estimate a complete
daily series of TP loads over the period 2007-08afbsites. Loads were then corrected
for logarithm transformation bias introduced frolne retransformation of the power-law
model (Ferguson 1986) by multiplying the resultiligads in real space by a bias
correction factor (BCF) as suggested by Cohn (1998)others. See Vogel et al. (2005)
for further background on the behaviour of the BIGF such load regression models.
The estimated daily loads were summed to calcalateial loads.

Finally, both MOVE and regression methods were su@didated using a single

year of data for estimating model parameters armdftfiowing year for validation.
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Values of streamflow and TP load for second yearewwedicted and compared with

actual values to determine goodness-of-fit of tluelefs.

RESULTSAND DISCUSSION
Streamflow Record Extension

As is often the case in practice, only a singldydstreamflow measurement was
available for each month at each site. These spdadg streamflow records were
extended by filling in missing values using the MEB/information transfer method
from nearby gages (see Vogel & Stedinger, 1985%adds 1993). The first step was to
choose an index gage for each study site usings@&&ar correlatiorp between the
logarithms of the daily streamflows at the studgsiand various potential index gages.
The long record gageexhibiting the largest correlation with each shiedord sitex was
chosen as the index gage for that particular stemord site. Table 1 documents the
correlations which ranged from 0.86 to 0.99 withaerage value 09.91 for the 15
study sites. For the remaining 5 sites there werendex gages with correlations above
0.8, which is considered the minimum correlatioede to transfer information (Vogel
& Stedinger, 1985).

Once an index station is chosen, the MOVE3 methasl performed to extend the
daily flow records at each site. To evaluate the WE® method, we report the
performance of MOVES3 for estimating the 24 reponatiies of daily streamflow which
were available for each site. Here we use the MNagbliffe Efficiency (NSE) as a
measure of MOVE3 model performance with the resudfgorted in Table 1. As

expected, the values of NSE are proportional toviilaes ofp. Values of NSE ranged
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from -0.18to 0.95 with a mean value of 0.66. Only two sitekileited such poor values
of NSE equal to -0.04 and -0.18, that we expecMi®/E3 method to perform poorly at

those two sites.

Table 1 Pearson’s correlation coefficignfor correlation between logarithms of flows at
study sites and nearby index gages and Nash-SeatElficiency of the model

performance in streamflow simulation

Site 1 2 3 4 5 6 7 8

p 0.95 0.87 0.90 0.95 0.94 0.86 0.96 0.88

NSE 0.92 0.26 0.75 0.93 0.81 0.78 0.91 0.86

Site 9 10 11 12 13 14 15

p 0.89 0.87 0.99 091 0.91 0.86 0.93

NSE -0.18 0.68 0.95 0.79 0.72 -0.04 0.75

Vogel & Stedinger (1985) and others show that rimi@tion transfer gains of
MOVE methods are highly dependent on the strenftooelation (value op) and on
the length of the short record. Information tr@nsjains generally increases as eijher
increases and/or the number of observations insti@t record increases. Vogel &
Stedinger (1985) document that as long=a8.8, information gains are to be expected,
and that is the case for 15 sites considered g ghidy. Figure 2 compares values of
daily flow predictions using the MOVE3 method witie 12 observed values for two of
the sites which had the highest NSE values antixforof the sites which had the lowest

NSE values.
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MOVE evaluation, site 14 MOVE evaluation, site 9
p 0.86, NSE -0.04 p 0.89, NSE -0.18

4 40
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26 observation observed observation —*—observed
27 - = - simulated - - simulated

29 Fig. 2 Comparison of estimated daily streamflow using MO®VE3 method with

32 observed daily streamflow for the two strongest amd weakest cases with reported

34 Pearson’s correlation coefficiep) @nd Nash-Sutcliffe Efficiency (NSE)

39 The index gages are generally located on largersithan the study sites thus one
41 might expect quite different hydrologic behaviounang these rivers, yet we were able
to find a suitable index gage with sufficient ctaton ( above 0.8) for 15 small

46 watersheds out of 20 considered in this study. &erhhis is in part due to the fact that
48 the national monitoring network of stream gagesgelatively dense and operates in all

regions of the Czech Republic.

55 Regression models of daily phosphor us loads
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The primary goal of this study is to develop relabstimates of annual TP loads
for all of the study sites considered in this stftythe study periodRegression models
for estimation of TP loads were developed for estshusing the streamflow and TP load
observations during 2007 and 2008. Table 2 sumemrthe models for each site
including independent variables included, adjugtédstandard errors of estimate in %,
and the final regression equations. The p-valuesifomodel coefficients were always
below 0.01 except for a few values of the seasooetficients which whose p-value fell
between 0.01 and 0.05. The adjustéd/&ues range from 0.60 to 0.98 with values above
0.9 in more than half of the cases. In all caes model residuals were found to be

approximately normally distributed.

Table 2 Regression models for daily total phosphorus laadsng day') for each study

site as a function of daily discharge Q ) and Julian day T.

Site Variablesin the model R?  adj.R? SEE% regression equation
1 InQ, coseT) 0.893 0.884 733 InL=9.311 + 0.993 INQ - 0.8D8ET) + ¢
2 InQ, coseT) 0.746  0.731 57.3 InL=7.575 + 1.143 InQ - 0.245(T) +¢
3 InQ 0.953 0.950 56.3 InL=7.692 +0.912 In®@ +
4 InQ, cosET) 0.787 0.769 59.7 InL=8.266 + 1.101 InQ - 0.488@T) +¢
5 InQ, sin@T), cos(T) 0.825 0.801 35.8 InL=7.373+1.254 InQ - 0.421 ces) - 0.313
sin(T) +¢
6 InQ, T 0.634 0.600 43.3 InL=7.600 + 2.153 InQ.602 T +¢
7 InQ 0.738 0.728 76.1 InL=7.349 +1.091 In®@ +
8 InQ, sinfT) 0.924 0.911 442 InL=7.421+1.176 InQ - 0.5080T) +¢
9 InQ, coseT) 0.923  0.915 76.0 InL =7.904 + 0.965 InQ - 0.708(T) + ¢
10 InQ 0.955 0.953 53.0 InL=7.492 +0.988 In@ +
11 InQ, sin@T) 0.952 0.947 31.3 InL =8.442 + 1.247 InQ - 0.2#8wT) +¢

14 :
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12 InQ, sineT) 0.960  0.953 56.5 InL=9.213 + 1.222 InQ - 0.584wT) + ¢
13 InQ 0.952  0.949 32.9 InL=9.094 + 1.045 In@ +
14 InQ, sineT) 0.985 0.984 12.2  InL =9.255 + 1.061 InQ - 0.5iBeT) +¢
15  InQ 0.668  0.652 734 InL=8.034+0.757 In@ +

Fig. 3 illustrates two examples of the relationgbgbween the logarithms of daily
TP load and the logarithms of daily streamflowved sites in which streamflow was the
only independent variable chosen but which exhabitvide range of goodness of fit.

These two cases (sites 3 and 15) correspond toge &f R equal 0.67 and 0.95.

SITE3 SITE 15

L (mg/d)
L (mg/d)

o N & O ®
. P —Y

Phosphorus Load
Phosphorus Load

2 1 0 1 2
Daily Streamflow Daily Streamflow

Q (is) Q (ifs)

@
(=
A
N
o 4
N
IS
¢
A
@»

Fig. 3 Relationship between daily streamflow Q and daiwgphorus load L (2007-

2008) at two sites with high and low goodnessof fi

Estimation of Annual Phosphorus L oads

The regression equations reported in Table 2 wexe tised to compute daily TP
loads given the extended records of mean dailyaistilews generated using the MOVES3
methodology. Daily TP loads were corrected foiskaad summed into annual loads. In
some cases, summer droughts resulted in perionsrofstreamflows at a few study sites

which poses a challenge because a logarithmicftnanation is used in the TP load

15 :
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regressions. Therefore annual loads were corrdmtesubtraction of daily loads which
fell on days with observed zero streamflows.

Annual TP loads ranged from 0.21 kg yeao 95 kg yedf and corresponding
annual TP vyields ranged from 0.01 to 0.66 kdyear’. Although we are aware of the
importance of rainstorm events in phosphorus tramspo streams and possible
underestimating of loads, we decided for the pwrpdshis study not to include records
from additional sampling which was simultaneoushfried out at study sites using
passive automatic samplers or co-operating stafferfield because this could result in a
positive bias in annual load estimates as descriirediously. Results obtained by
additional sampling during extreme events will b#iaed in ongoing research to
guantify the possible bias in annual TP load edesiao capture seasonal variability in

TP loads and to identify critical periods for wateed management.

Model cross validation

Here we describe the use of a split-sample crodislati@n experiment for
evaluating the credibility of resulting TP loadiesites. Performance of regression based
estimates of TP loads and MOVE methods for streamnftecord extension were
validated by using data from 2007 to estimate mpdedmeters and those fitted models
were than used to estimate streamflow and TP |@dhdes for 2008. Estimated values
were then compared with actual values measure@® 2nd Nash-Sutcliffe Efficiency

(NSE) is reported for each site in tab 3.

16 . :
URL: http://mc.manuscriptcentral.com/hsj



Page 17 of 23 Hydrological Sciences Journal

Table 3 Nash-Sutcliffe Efficiency (NSE) for MOVE and regston cross-validation of

streamflow and phosphorus load estimates for 2008

©CoO~NOUTA,WNPE

Site 1 2 3 4 5 6 7 8

11 NSE (streamflow) -21.72 -0.89 0.78 0.800.74 0.33 0.27 0.12

13 NSE (P loads) 0.11 0.18 0.83 0.2858 -3.2 0.19 0.35

15 Site 9 10 11 12 13 14 15

18 NSE (streamflow) -29.97 -11.46 -4.25 0.59 0.62 0.72 0.86

20 NSE (P loads) 050 045 087 0.76.73 0.93 0.65

25 Values of NSE ranged from -29.9@ 0.86 with a mean value of 0.33 for the
27 MOVE method for streamflow estimates and from 48.2.93 with a mean value of 0.5
30 for regression method for the TP load estimateg. #icompares values of daily flow
32 computed using the MOVE3 method with actual valoesisured in 2008 and Figure 5
compares values of TP load predictions using thgeession methods with actual values
37 measured in 2008. The cases which had the higtesiowest and the average NSE

39 values are reported.

SITE 9, NSE -29.97 SITE 15, NSE 0.86
42
—+—observed
= = =simulated

47 2008 2008

—+—observed
= = -simulated

A DAD

(o200 N
Flow
Flow

A )

‘s

SITE 6, NSE 0.33

Flow

=+ observed
- ® -simulated

54 2008
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Fig. 4 Comparisons of estimated daily streamflow withesteed daily streamflow for the

strongest, the weakest and average cases withtedpdash-Sutcliffe Efficiency (NSE)

©CoO~NOUTA,WNPE

of the MOVE3 method

SITE 6, NSE -3.2 SITE 14, NSE 0.93
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Fig. 5 Comparisons of estimated daily phosphorus loads wiiserved phosphorus

loads for the strongest, the weakest and the agerages with reported Nash-Sutcliffe
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Results show relatively good model performance &f [bad prediction and
streamflow extension even for models based onglesiyear of observations. However,
performance of model predictions is expected toe@se with the length of records. In
some cases seasonal time parameters entered tassieg model based on only a single
year of data, however we elected to exclude thasangeters because they are likely to
reduce the accuracy of resulting TP load predictidns is in accordance with Haggard
et al. (2003) who discussed the effect of seastawbrs on prediction accuracy and
suggested sufficient repetition of seasonal cyalesn using seasonal time parameters in
regression models. The regression model of TP ¢paek reliable estimates within the
range of measured streamflow used for its developnietrapolation beyond this range
may influence the accuracy of predictions. The eanf sampled streamflow used to
develop the regressions corresponds to 95% ofadl} dtreamflow values estimated for
the study period. The remaining 5% (approximateBydhys per year) correspond to
extreme events of high streamflows usually assediatith soil erosion. Such extreme
runoff with soil erosion is not fully captured b} approach, leading to potential
underestimation of the annual TP load by as mucb08s or more (see Kalff, 2002).
Thus the remaining 5% of daily TP loads correspogdd such extreme events should be
considered separately taking into account individuatershed characteristics and results

obtained by sampling during extreme events.
CONCLUSIONS

In this study we illustrate how short records oilydatreamflow and phosphorus

concentrations can be combined with a national oiwf daily streamflow records in
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the Czech Republic in order to derive meaningftinestes of annual phosphorus loads
for small agricultural watersheds. Importantly, pexform a cross-validation experiment
which tested the ability of the resulting methodpldo estimate annual phosphorus loads
during a time period which was not used in the tgpraent of the model used to predict
streamflows and/or phosphorus loads. Such crosdati@n experiments are essential to
gaining an understanding of the credibility of adeking approach. We expect other
studies similar to ours could benefit by exploitirgggional streamflow information for
extension and/or augmentation of streamflow recordee Czech Republic and possibly

elsewhere.
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