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Abstract. Monitoring programs of ion concentrations and fluxes in semi-natural ecosystems are con-
fronted with the task to gain as much information as possible with simultaneously minimizing costs and
efforts. The aim of this study was (i) to assess how much of the heterogeneity of solution concentrations
is lost because of temporal integration of measurements and (ii) to estimate the error in ion fluxes due
to temporal integration. High resolution measurements (daily interval) of ion concentrations (sulfate,
nitrate, chloride, pH and EC) in throughfall, soil solutions and runoff at the catchment Lehstenbach
(Fichtelgebirge, Northeast Bavaria, Germany) were compared over a two year period with the reference
monitoring program (biweekly measurement interval). Evaluation of the maximum temporal heteroge-
neity of ion concentrations in throughfall, soil solution and runoff (expressed as minimum, maximum,
median and 25-75% percentile) did not result in an overall higher heterogeneity of the high resolution
measurements compared to the reference program. The calculation of runoff fluxes from the reference
data (biweekly concentration) resulted in significant errors of up to 25% for time periods < 1 year (high
resolution data was considered the "true” value and set as 100%). However, errors became minor (<
10%) if longer time periods were considered. The suitability of different interpolation methods to up-
scale biweekly concentration data for the calculation of runoff fluxes was evaluated in this study. We
concluded for the monitoring programs at the Lehstenbach catchment that a biweekly measurement in-
terval seemed to be suitable to capture the heterogeneity of ion concentrations and fluxes (and thus tem-
poral trends). In comparison, high resolution measurements with a daily measurement interval were
higher in cost, work and time resources and had a relatively low information gain. While the introduced
methods are applicable in all monitoring programs, conclusions on temporal resolution of measurements
are most likely not valid for systems where ion concentrations have a low autocorrelation length (e.g.,
agricultural or urban systems with nitrate or pesticide treatment; tropical systems with extreme tempera-
ture or hydrological events).

Introduction

Monitoring programs of ion concentrations and fluxes in semi-natural ecosystems
are confronted with the task of answering numerous questions. The term "semi-
natural ecosystem” is used here to differentiate between ecosystems with a rela-
tively low management impact (e.g., forest and grasslands) and agricultural or ur-
ban systems.
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By evaluating concentrations in and fluxes between the atmosphere, the pedo-
sphere and the hydrosphere, conclusions on ecosystem processes or on cause/effect
relationships are drawn by indirect evidence. Because of the high temporal and
spatial heterogeneity in deposition parameters, stand structure, soil chemistry and
water regime, the determination of ion fluxes and concentrations in precipitation,
soil solution and runoff is connected to high errors (Manderscheid and Matzner
1995). Monitoring programs aim at measuring representative values for whole eco-
systems. The question arises if the information strived for is really gained. Simul-
taneously, programs are forced to minimize efforts in costs and resources during
times of restricted public monetary resources.

A typical setup of monitoring stations for ion concentrations and fluxes in semi-
natural ecosystems is illustrated in Figure 1 (BML 1997; Likens and Bormann 1995;
Butler and Likens 1998; de Vries et al. 2001; Draaijers et al. 2001). Input with
precipitation (either as bulk precipitation or canopy throughfall) is measured as a
flux equivalent with bulk samplers that integrate over time (either weekly, biweekly
or monthly). Spatial integration of precipitation measurement is very small. For the
sake of simplicity, it will be defined here as a "point” measurement compared to the
"plot” or "catchment” scale. Soil solution sampling is also integrating over time
similarly to precipitation measurements, but in case of suction sampling this is an
integration over undefined space. Furthermore, soil solution sampling cannot be re-
garded as truly flux equivalent because sampled volumes are not equivalent to wa-
ter fluxes. Thus, water fluxes in the soil are usually modeled values. Runoff mea-
surements are typically done as grab samples from the stream. Thus, runoff can be
considered temporally as a "point” measurement but is spatially integrating over the
whole catchment.

With the above described setup the following errors are to be expected: short-
term heterogeneity will most likely be underestimated in precipitation and soil so-
lution because of bulk sampling over time. In contrast, ion fluxes in runoff might
be associated to high errors because temporal point measurements might not be
representative of total output fluxes. When calculating runoff fluxes the continuous
water flow measurement has to be set against concentrations of point measurements
at biweekly intervals. Thus, concentration data have to be up-scaled in time, e.g.,
by interpolation. The question of the right interpolation method is tightly connected
to statistical properties of the time series. The higher the autocorrelation, and the
less the short-term variance, the smaller the error of an interpolation is likely to be.

Measurement strategies of national and international monitoring programs vary
between countries and within countries (Draaijers et al. 2001). The optimal sam-
pling strategy depends, of course, on the measurement aim (e.g., ion fluxes, time
series analysis, calibrating a given model, etc.). In many cases, the evaluation of
monitoring data has the following objectives: (i) the assessment of frequency dis-
tributions and heterogeneity in solutions (e.g., peak concentrations of acidity, trends
in solute concentrations) as the solutions are the direct environment for all organ-
isms (e.g., plant roots in soil solution, biota in soils or streams) and (ii) calculation
of ion fluxes and budgets to describe or become aware of critical ecosystem states
like nutrient losses, acidification of soils and waters or nitrogen saturation (Ulrich
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Figure 1. Setup of a typical measurement station for monitoring solution concentrations and ion fluxes
in semi-natural ecosystems.

1989; BML 1997; Kleemola and Forsius 1997; Stoddard et al. 1999; de Vries et al.
2001).

Numerous studies have investigated the influence of spatial interpolation of data
especially on rainfall patterns (e.g., Dirks et al. 1998; Stow and Dirks 1998). Pre-
vious studies done in the catchment Lehstenbach (Fichtelgebirge, Northeast Ba-
varia, Germany) indicated a large spatial heterogeneity in concentrations and fluxes
of precipitation and soil solution (Manderscheid and Matzner 1995; Seiler and
Matzner 1995; Lischeid et al. 1998). High temporal resolution of measurements has
been done in other catchments and has been proven a useful tool in providing in-
formation about the short-term dynamics of processes especially during snow melt
periods (Laudon 1999; Jenkins et al. 1993; Lischeid et al. 2002) or the determina-
tion of travel times (Larocque et al. 1998; Solo-Gabriele 1998). The aims of this
study were to assess:

1. How much of the heterogeneity in solution concentrations is lost because of the
temporal integration of measurements? How closely is the frequency distribu-
tion of the highly resolved data captured by temporally integrating measure-
ments? Do we actually capture solute concentration maxima that could be harm-
ful to flora (e.g., plant roots in the soil) and fauna (e.g., fish or macroinverte-
brates in the streams)?

2. Is there a significant increase in the error of the ion fluxes with runoff because
of the non-flux equivalent integration over 14 days?
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3. Which interpolation method is suitable to up-scale biweekly concentration data
for the calculation of runoff fluxes?

Methods
Site

The Lehstenbach watershed (4.2 km?2, 50°09’ N, 11°52’ E) is located in the Fich-
telgebirge area in Northern Bavaria/Germany close to the border with the Czech
Republic at an altitude of 695-875 m a.s.l. The granite bedrock weathered deeply
during the Tertiary (up to 30 m depth). The average precipitation in the area was
appr. 1000 mm and the annual average temperature was 6 °C for the 1988-1999
period. The soils in the upland part of the catchment are acidic and have been clas-
sified as dystric Cambisols and Podzols according to the FAO-classification sys-
tem. 30% of the catchment are covered by boggy areas where soils have been clas-
sified as fibric Histosols and dystric Gleysols. 90% of the catchment is stocked with
Norway spruce (Picea abies (L.) Karst.) of various age classes.

Measurements

Reference samples in this study were taken as part of a long-term monitoring pro-
gram (1987 to present) at the Lehstenbach catchment. Five throughfall collectors
(called TF1 to TF5, area = 326 cm?) were sampled as biweekly bulk samples.
Samplers were implemented along a row with 2 m distance. Soil solutions were
collected monthly as biweekly bulk samples at 90 cm soil depth using ceramic ten-
sion lysimeters. Five replicate lysimeters (Lys1 to Lys5) were established, each lo-
cated adjacent to a throughfall sampler (distance between lysimeters was 2 m). The
reference runoff sampling was simulated from the daily measurements (see below),
with every 7%, 14™ and 28 sample being considered to simulate weekly, biweekly
and monthly sampling.

High resolution measurements were carried out between April 1998 and April
2000. Daily bulk samples (n = 1) of canopy throughfall, soil solution and runoff
were collected. The opening of the throughfall collector was 5541,8 cm?, and so-
lution was collected in a different bottle each day. Soil solution was gained with a
suction lysimeter in 90 cm depth as a daily bulk sample. While the throughfall col-
lector was implemented adjacent to the monitoring setup (approximately 3-5 m
away from samplers TF1 to TFS5), the high resolution lysimeter was implemented
within the row of reference lysimeters (approximately 0.5 to 2.5 m away from
samplers Lys1 to Lys5). For sampling of the runoff, 10 ml of stream water was
pumped at 2-hour intervals and collected as daily bulk samples. All bottles of the
high resolution measurement were collected parallel to the reference samples at bi-
weekly intervals.
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Water samples were filtered (0.45 pm) and stored at 2 °C before analysis. After
filtration, anions (C1~, NOj3, and SO7") were determined by ion chromatography.
The pH was measured with a glass electrode.

Calculation of ion fluxes

Input fluxes with throughfall were calculated as concentration times precipitation
amount.

For runoff fluxes of the high resolution measurements, daily water flux was
multiplied with daily concentration values. Flux calculations of reference samples
were done with the biweekly samples (results regarding the information loss by
switching from daily to biweekly measured fluxes should include a change from
daily to weekly or weekly to biweekly. Statistically sound evaluations of monthly
data were not possible because of the low numbers of observations in a two year
period). Continuous water flow measurement had to be combined with concentra-
tions measured at biweekly intervals. Three commonly used calculation procedures
were done and we introduce a fourth method. The first method will be referred to
as "weighted interpolation method”. Here, ion flux determined for single days at
biweekly intervals were considered as independent samples of a parent population.
This is the most pessimistic approach because neither autocorrelation of solute
concentration nor correlation between solute concentration and discharge is as-
sumed. It was calculated according to:

2%

Qweighted = EQz = E(stc_\')xif
, ; 24,

s

where Q is the calculated ion flux, ¢ the water flux, ¢ solute concentration, s is the
index for the sampling days, and i the index for all days of a given period.

The second calculation will be referred to as "stationary interpolation method”.
It is a pragmatic approach, approximating the unobserved solute concentration be-
fore a sampling day by considering the one observed at the sampling day, follow-
ing the formula:
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with the subscripts s and s + 1 denoting two subsequent samples.
The third method is the linear interpolation method, were daily concentration
values are gained by linear interpolation between two measurement points:

A cx+ 1 cx AC
Ciu=C,t(d,—d)X————=c,+(d,—d)xX—
d —d Ad

s+ 1 s



24

where ¢ is the interpolated concentration, and d is day with d, < d;, < d, , ;.
Fluxes (Q,,,) can then be calculated as daily concentrations times daily water fluxes.

Method two and three rely on the implicit assumption that autocorrelation of the
solute concentration data explains a substantial fraction of the variance of solute
concentration between two subsequent sampling days. However, usually autocor-
relation decreases with increasing lag length. Thus, the prediction error is likely to
increase with increasing distance from the observed values. For very large time lags,
the mean value of a stationary time series is then the most probable prediction
value. This is explicitly taken into account by our fourth method, an autoregressive
model of order one. We applied the autoregressive model as the most theoretically
sound way of interpolating between subsequent sampling days. Prior to fitting the
autoregressive model, the data were normalized by subtracting the mean, and by
subtracting the contribution of the 365 days period, determined by Fourier analysis.
This component explained 5%, 64% and 33% of the variance of the daily chloride,
nitrate and sulfate concentration data, respectively. Normalized solute concentra-
tion at non-sampling days is then calculated by the mean of the autoregressive
models based on the preceding and the following sampling day, respectively and
weighted according to the distance from these two sampling days:

d,—d, d ., , —d,
o =T ygdi—d)e 4 S T —d),

n,it n,s
derI_ds ds+1_d

n,s+ 1
s

where c, is the normalized concentration, and a is the partial autocorrelation for
the time lag of 1 day of the normalized time series. For flux calculations (Q ), the
calculated normalized daily solute concentration data were again de-normalized and
multiplied with daily water fluxes.

For the calculation of flux errors, cumulative fluxes for the considered periods
of the reference sampling calculated with either method were set against the daily
measurements. Daily measured fluxes were assumed to be the "true” value and were
set as 100% values.

Statistical analysis

All data were analyzed with the software package Statistica '99 Edition. The test
for normal distribution was done with Kolmogorov-Smirnov and normality was re-
jected if p < 0.05. The time series of concentration in precipitation, soil solution
and stream water were not normally distributed. Thus, for average values the me-
dian was calculated and significant differences were estimated with the non para-
metric Mann-Whitney-U-Test. The threshold for autocorrelation was defined with a
significance level p < 0.05.

Removing the seasonal component (Fourier analysis) in runoff time series as
well as the fitting of the ARIMA model were done with the software package SPSS
version 6.1.
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Results and discussion
Assessment of heterogeneity

Throughfall and soil solution measurements of the high resolution measurements
(one point in space, daily measurement interval) were compared to (i) temporal
heterogeneity (minima, maxima, 25-75% percentiles and median) of time series of
samplers TF1 to TF5 and Lysl to Lys5 of the reference measurements and (ii) to
the observations from all five samplers representing the maximum heterogeneity of
five measurement points in time and space (TF1-5, Lys1-5; Figures 2 and 3). In
case of throughfall measurements, the time series with daily measurements resulted
in clearly higher maxima than the reference time series with biweekly measure-
ment interval (Figure 2). However, when 25-75% percentiles were compared, there
was no clear difference in heterogeneity between daily measurement resolution and
reference samples. Furthermore, the medians of concentrations were very similar.
Only the median of pH was significantly different between daily measurement (TF)
and the reference sampling (TF1-5). Our results are in agreement with Butler and
Likens (1998) who compared weekly aggregated with daily precipitation records
(1992-1995) at four collocated sites in the eastern USA. Generally, temporal trends
of ions were comparable with the exception of problems like loss of NH} during
residence time in the field or differences in base cations due to some differences in
filters between measuring programs (Butler and Likens 1998). While the latter is a
problem of comparability of different measuring programs, the loss of NHZ due to
microbial turnover (and the same would apply to DON, DOC) is a problem which
might be solved through, e.g., AgCl application in the samplers but is beyond the
scope of this paper.

Regarding soil solution concentrations, high resolution measurements resulted
in higher maximum and minimum values in case of chloride and sulfate. Nitrate,
pH and electrical conductivity had a higher heterogeneity for either one of the five
reference samplers or for the observations from all five samplers together (Lys1-5;
Figure 3). Thus, spatial heterogeneity of soil solution concentrations clearly ex-
ceeded temporal heterogeneity. Median of SO~ concentrations, pH, and electrical
conductivity were significantly different between daily measurement (Lys) and the
reference sampling (Lys1-5). However, differences were very small compared to
the overall heterogeneity.

Time series of the daily runoff measurements (and in case of SO3~ the weekly
measurements) resulted in a slightly higher temporal heterogeneity with lower min-
ima or higher maxima than reference samples. However, the 25-75 percentiles as
well as median concentrations were very similar with no significant differences
(Figure 4). Most monitoring programs, including the program investigated in this
study, collect biweekly or monthly grab samples in the stream. With no integration
over time in the sampling strategy of the reference samples, there is only a differ-
ence in measurement interval between the high resolution measurements (daily) and
the reference (biweekly). Thus, it is only a question of observation numbers to cap-
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Figure 2. Heterogeneity of parameters in canopy throughfall. TF = daily measurement (n = 336). TF1
to TF5 = reference samplers of the monitoring program (n = 54). TF1-5 = observations of all five ref-
erence samplers included (n = 270). * = significant difference of TF and TF1-5.

ture the frequency distribution of the parent population. The latter seemed to be
well captured with a two year measurement period.

To summarize, the overall heterogeneity captured with the setup of the reference
sampling was equal or even higher (in case of soil solution). The latter was true
even though number of observations were only 16, 5 and 7% of the high resolution
time series for throughfall, soil solution and runoff measurements, respectively.
Note that if all 5 samplers of the reference treatment were considered, number of
reference observations compared to high resolution measurements were 80 and 23%
for throughfall and soil solution, respectively. In addition to the spatial heteroge-
neity being higher, it is less time, work and cost consuming to measure spatial than
temporal heterogeneity (e.g., collect five samples every 14" day instead of 1 sample
every day). If the aim of a measurement program is to capture the heterogeneity of
ion concentrations in throughfall and soil solution, the more efficient strategy seems
to be the measurement of spatial rather than temporal heterogeneity. Regarding the
measurement strategy for stream water a biweekly sampling seems to be well suited
to capture the frequency distribution as long as time periods > 1 year are consid-
ered. If measurement programs capture the full heterogeneity of a sample, the
long-term trends should also be determined correctly. However, if short term tem-
poral patterns of time series and short term dynamics of processes are to be under-
stood, high resolution measurements are a valuable tool as has been shown previ-
ously (Solo-Gabriele 1998; Laudon 1999; Larocque et al. 1998; Wilby et al. 1998;
Jenkins et al. 1993).
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437). Lysl to Lys5 = reference samplers of the monitoring program (n = 22). Lys1-5 = observations of
all five reference samplers included (n = 110). * = significant difference of Lys and LYS1-5.
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Error estimation of runoff fluxes

To estimate the error connected to the biweekly sampling of the reference time se-
ries, flux calculations of high resolution measurements were compared to the ref-
erence sampling. Results presented here refer to fluxes with runoff only. In prin-
ciple, errors of ion fluxes with throughfall should not increase due to temporal
integration, because bulk sampling should guarantee a quantitative measurement of
ion fluxes at the sampling spot. Calculations of ion fluxes in soil solutions are gen-
erally problematic because of the high uncertainties involved in modeling water
fluxes and setting them against concentration measurements of bulk samples. Thus,
a comparison of high resolution measurements with the reference setup should in-
clude different model strategies which are beyond the scope of this paper.

Fluxes of Cl=, NO3, and SO2~ with runoff differed significantly between daily
measurements and the biweekly sampling when short time periods (up to 6 or 7
months) were evaluated (for interpolation methods and calculation of % flux error
see above; Figures 5, 6 and 7). Storm flow periods were the most crucial as solute
concentration tended to change much more rapidly than under base flow conditions.
Furthermore, associated ion fluxes were much higher due to higher water fluxes.
As a consequence, the discharge peaks in the winter 1998/1999 were clearly re-
flected by the graphs of the cumulative ion flux errors.

However, the differences between measurement strategies as well as the differ-
ence between calculation methods became smaller over time. The SO2-, CI-, and
NOj3 fluxes of both sampling strategies differed for the two year period in only 3,
10 and 5%, respectively (for each ion the interpolation method with the highest
error was considered as worst case scenario; Figures 5, 6 and 7). Thus, results in-
dicated for the calculation of ion fluxes with the runoff Lehstenbach that a biweekly
sampling strategy with taking grab samples resulted in major errors when short time
periods were evaluated. However, over longer time periods (> 1 year), errors be-
came clearly smaller, because drawn samples represented more and more the over-
all heterogeneity of the parent population.

Regarding the differences between the interpolation methods, the autoregressive
and the linear interpolation resulted in the smallest flux errors for all three elements
over the whole time period considered. However, the difference between calcula-
tion methods was generally small. Only for Cl~ fluxes the stationary interpolation
methods differed from the linear and the autoregressive interpolation by = 10%
even for the two year period. The relatively small difference between the interpo-
lation methods was due to the high autocorrelation of the data (Table 1 and Figure
8). The calculated threshold of autocorrelation was very similar for the daily and
the reference data set (Table 1). Obviously this statistical information was not lost
by biweekly sampling. For all five parameters, the threshold values for autocorre-
lation were greater than 80 days (Table 1). Thus, the autocorrelation threshold ex-
ceeded the sampling interval by far. If data are autocorrelated for a time period
longer than half the measurement interval, the error made with stationary or linear
interpolation becomes clearly smaller than with time series which have a lower de-
gree of autocorrelation or are totally random.
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ages of flux errors compared to daily measured fluxes are given in the lower panel for the stationary, the

weighted, the AR- and the linear interpolation.

Theoretical considerations imply that dependent on the autocorrelation of con-
centration data different methods for flux calculations should be used. With a pro-
nounced autocorrelation, the error included with interpolating between subsequent
sampling days should be relatively small as long as the threshold value is clearly
greater than the measurement interval. In contrast, if time series show little auto-
correlation, it can be helpful to look out for a correlation to other parameters that
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weighted, the AR- and the linear interpolation.

are measured at high temporal resolution, e.g., discharge or air temperature. If sig-
nificant correlations are found, regression functions can be used to interpolate be-
tween subsequent sampling dates. At the Lehstenbach catchment, all of the inves-

tigated runoff
water flux or

fluxes (C1~, SOZ-, NO3) showed a very weak correlation to either
temperature. Furthermore, these functions might not be constant in
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the long-term perspective (Bukaveckas et al. 1998), as has been shown to be the
case for sulfate concentration in the Lehstenbach runoff (Lischeid 2001).

With time series that are random the weighted interpolation should be used, if
time series > 1 year are available. If no high resolution measurements and thus no
information about the shape of the autocorrelation function is available, we recom-
mend to also use the weighted interpolation method. The latter is the only method
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Table 1. Threshold values for autocorrelation of runoff data. RUN = high resolution measurement,

RUN14 = reference sampling. EC = electrical conductivity.

Parameter RUN lag (days) RUN14 lag (days)
Cl- 83 98
NOj 90 84
SO3~ 81 98
PH 101 112
EC 104 98
Discharge 71 84
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Figure 8. Autocorrelation of the daily solute concentration time series in the Lehstenbach runoff.

to avoid a systematic error caused by the unsuitability of the interpolation method
with the shape of the autocorrelation function.

Conclusions

A general answer to the question if high resolution measurements are a gain of in-
formation or a waste of resources can obviously not be given for all systems and
all types of questions asked. The monitoring program at the catchment Lehsten-
bach aims at assessing the maximum heterogeneity of ion concentrations, the de-
termination of mass balances and the general assessment of critical ecosystem
states. For the latter aims, our results indicate that a biweekly measurement strat-
egy can be recommended. High resolution measurements with a daily measurement
interval do not seem to be a suitable method (with respect to the additional ben-
efit), because of the high efforts in cost, work and time resources and the compa-
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rably low information gain. To estimate maximum heterogeneity of ion concentra-
tions (and thus temporal trends) it is less time and resource consuming to include
spatial rather than temporal heterogeneity.

Errors of runoff fluxes due to temporal integration over 14 days will become
relatively small compared to daily measurements if time periods > 1 year are con-
sidered. We recommend the weighted interpolation if time series show non auto-
correlation or randomness. The linear interpolation should only be used if the
threshold value of the autocorrelation function clearly exceeds the measurement in-
terval. If no information about the autocorrelation function of the time series is
available, the weighted interpolation method should be used. The weighted inter-
polation is also suitable with autocorrelated data but will most likely have a higher
error compared to the autoregressive or the linear interpolation.

Generally, the introduced methods are applicable in all monitoring programs
where ion concentrations and fluxes are measured. However, conclusions on tem-
poral resolution of measurements do not apply to systems where ion concentrations
in solutions have a low autocorrelation length. For example, urban and agricultur-
ally used systems are very different in their dynamic (e.g., nitrate flushed through
the system due to fertilizer or sewage application) as well as in the type of ques-
tions asked (e.g., leaching of harmful substances after pesticide treatment). Further-
more, temporal resolution of measurements in ecosystems of extreme hydrological
conditions or temperatures (e.g., the subtropics or tropics) have to take into account
that microbial turnover or hydrological extremes play a more dominant role. Our
conclusions aim at the effects of temporal integration only and do not say anything
regarding problems due to microbial turnover or gaseous losses from bulk samplers
during long residence times in the fields.

We are aware that during times of restricted public monetary resources most re-
searchers rather aim at switching from weekly to biweekly or monthly sampling
interval instead of considering daily sampling. The aim of this study was to quan-
tify the loss in information due to weekly or biweekly instead of daily sampling,
which is crucial to know before switching to an even lower temporal resolution.
Future research will be needed to quantify the loss in information due to monthly
or bimonthly temporal integration of measurements.
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