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ARTICLE INFO ABSTRACT

Keywords: Ecological values of water have gained increasing attention over the past decades in both (eco)hydrological
Ecohydrology research and water resources management. Water quality is an important ecological steering variable, and
Wate.r quality diagram graphical water quality diagrams may aid in rapid interpretation of the hydrochemical status of a site. Tradi-
g:;ﬂ;g:f)logy tionally used water quality diagrams for showing multiple variables (e.g. Stiff, Maucha) were developed pri-
Characterization marily for hydrogeological purposes, with limited information on ecologically relevant nutrient parameters.

Hydrochemistry This paper presents adapted classical water quality diagrams that retain the traditional information on ions for

hydrogeological characterization, and additionally provide information on nutrients for ecological water quality
characterization.

A scaling factor is used for the minor ions to visually get them across more equally compared to the macro-ion
ions in the water quality diagram. Scaling of minor ions is presented based on average concentrations, as well as
on water quality policy norms. Four different water quality diagrams are presented, all with the same ions
included, but with different appearances to suit different preferences of individual users. Regional, national and
continental scale data are used to illustrate how the different diagrams show spatial and temporal water quality
characteristics.

The adapted diagrams are innovative with respect to adding comprehensive visual information on the four
ecohydrologically relevant nutrient species levels (NO3, NHy4, POy, K), advanced insight in redox status from the
combination of four redox sensitive parameters (Fe, NO3, SO4, NHy) and the option to scale minor ions relative to
average measured concentrations or to water quality policy norms. Using policy norms for scaling has the
advantage of providing an ‘alarm function’ of exceedance of norms when concentrations surpass the ring used in
the diagram. We discuss possible standardisation of scaling factors to enable comparability between sites.

1. Introduction water pollution gave rise to national legislation, especially in the USA

and Europe. Also international treaties were being drafted in Europe to

Over the past decades the importance of ecological values in water
resources management has been steadily increasing. Growing pop-
ulations, lack of sanitation and increased industrial and agricultural
production have led to large-scale pollution of both surface water and
groundwater (e.g. Millennium Ecosystem Assessment, 2005; Mateo-
Sagasta et al., 2017). High concentrations of nutrients caused eutro-
phication of aquatic ecosystems leading to decreases in biodiversity and
recreational values as well as economic damages (Cowx et al., 2010;
Rosset et al., 2014; Dodds et al., 2009). From the 1970’s onwards surface

regulate water pollution of transboundary rivers, e.g. for the rivers
Rhine (Dieperink, 2000) and Danube (Sommerwerk et al., 2010). This
international cooperation culminated in the Water Framework Directive
(WFD) of the European Union in 2000 (Directive, 2000), which aims for
a ‘good status’ of water quantity, as well as chemical and ecological
quality, for all groundwater and surface water in the EU. Especially the
strong focus on ecological quality on the scale of the European Union
was a novel aspect of this directive.

The increased attention for ecological values in water resources
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management was paralleled by an increased attention in scientific
research on the interface between hydrology and ecology. This inter-
disciplinary field of ecohydrology is referred to by different names (e.g.
ecohydrology; hydroecology) and definitions (Hannah et al., 2004). It is
basically concerned with how hydrology steers ecological processes, and
vice versa (Kundzewicz, 2002; Zalewski, 2000). Here we employ a broad
interpretation of the term ecohydrology encompassing both aquatic and
terrestrial ecology.

Ecohydrological site variables reflect the relation between the hy-
drologic cycle and ecological processes. It can be subdivided into a water
availability part and a water quality part. Water availability is related to
climate and topographical position in the landscape and steers selection
of ecosystem communities adapted to different degrees of water stress
(Porporato & Rodriguez-Iturbe, 2002). Water quality is related to
geological setting, soil type, land use, composition of contributing water
sources and local biogeochemical interactions between organisms,
water, soil and atmosphere. Water quality steers selection of species
mainly with respect to their tolerances for concentrations in salinity,
acidity and nutrients (Herbert et al., 2015; Wassen et al., 1988; Ertsen et
al, 1998). Determination and interpretation of water quality is notably
complicated, as it may be defined by many different parameters, e.g.
acidity, macro-ions, nutrients, trace elements, microorganics. These are
often interlinked as they are subject to biogeochemical processes like
oxidation, reduction, dissolution, precipitation, adsorption, cation ex-
change and complexation (Domenico & Schwartz, 1998; Appelo and
Postma, 2004).

To facilitate interpretation of water quality measurements, graphical
multi-parameter water quality diagrams may be useful. They enable
transferring information on a number of selected parameters into visual
water quality types summarizing the hydrochemical status of a site. Well
known diagrams are those described by Stiff (1951), Piper (1944),
Schoeller (1955), Collins (1923) and Maucha (1932), which all provide
an overview of the main ions sodium (Na), chloride (Cl), calcium (Ca) or
bicarbonate (HCOs, actually often as alkalinity), magnesium (Mg) and
sulfate (SO4). These diagrams have been applied for characterization of
geological environments (Prol-Ledesma et al., 2004; Heikkinen et al.,
2009), hydrochemical evolution and mixing processes (Cloutier et al.,
2008; Kumar et al., 2006; Freeze and Cherry, 1979), effects of land use
and water sources (Jeong, 2001; Schot and van der Wal, 1992), suit-
ability for drinking water, agriculture and fen ecosystems (Yidana et al.,
2010; Subramani et al, 2005; Silberbauer and King, 1991; Wassen et al.,
1990) and water resources monitoring (Silberbauer, 2009; Frapporti
et al., 1993).

Multi-parameter water quality diagrams in general have a twofold
function. One is to determine the suitability of the water quality for a
certain utilisation, e.g. for drinking water or vegetation communities.
The other is to determine the origin and/or evolution of the water
sampled at a certain location in relation to its flow path. The latter
function may provide managers with information on the quality of the
source water (e.g. infiltrating precipitation or surface water), alterations
in water quality along the flow path due to biogeochemical processes,
and possible changes in flow paths feeding a site, e.g. where ground-
water seepage is replaced by infiltration of local precipitation (Van Loon
et al., 2009; Schot et al., 2004). Such information provides reference
points for conservation and restoration policies and measures, such as
protection of water quality from pollution at the source or restoring
groundwater seepage.

The shortcoming with currently most used water quality diagrams (e.
g. Stiff, Piper, Maucha) is that they were developed primarily for
hydrogeological purposes. Information is presented mainly on macro-
ions like Na, Cl, Ca, HCO3, Mg and SO4. From this the major ecolog-
ical steering factors salinity and acidity can be deduced using Na and Cl
for salinity and Ca and HCOj for alkalinity or acidity.

However, the existing diagrams lack adequate information on the
third main ecological steering factor: nutrients. The nutrients nitrate
(NO3) and potassium (K) are sometimes presented as single parameter,
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potassium more often as the sum of Na + K. However, comprehensive
nutrient information, notably on the pivotal nutrients nitrogen and
phosphorus, is not commonly represented. This makes the diagrams
unsuitable for evaluating primary ecologically relevant parameters and
processes, or for comparing observed concentrations with water quality
standards.

Some attempts have been made to design water quality diagrams
specifically for ecohydrological use in relation to wetland vegetation.
Van Wirdum (1991) developed the Ionic Ratio (IR) on the basis of cal-
cium and chloride characterising water samples by their position rela-
tive to three main water types called Atmotrophic (precipitation),
Lithothrophic (groundwater) and Thalassotrophic (seawater). Although
widely used in especially Dutch ecohydrological literature, the method
only provides a very general distinction for samples as a mixture of the
three main water types. Remarkably, it does not provide any informa-
tion on nutrients. Wassen et al. (1988) used an adapted Stiff diagram,
with concentrations of nitrate (NO3), ammonium (NH,4) and phosphate
(POy4) presented as three additional separate lines below the diagram.
However, characteristic shapes representative of certain water types are
not easily discerned. Some authors added a nutrient parameter like NO3
to the classical water quality diagrams (e.g. Schot and van der Wal,
1992), but we found no water quality diagrams that encompass all the
main eco(hydro)logically relevant nutrients NO3, NH4, PO4, and K,
despite the fact that a plea was made already in the early 1990's for an
internationally applicable composite classification adapted to ecohy-
drological research (Pedroli, 1990).

We postulate that more ecohydrologically relevant water quality
diagrams may aid the work of academic ecohydrologists and water and
nature managers. Such diagrams on a map or timeline may provide rapid
insight on ecohydrological and biogeochemical processes affecting
water quality on a landscape scale, helping formulation of policies and
measures for ecological and water quality conservation or restoration.

This paper aims to present ecohydrologically relevant water quality
diagrams that provide information on both hydrogeological and
ecological processes of interest to academic ecohydrologists and water
and nature managers. We focus on freshwater systems as defined by
chloride concentrations <300 mg/l, thus including polluted freshwater,
but excluding brackish and saline waters (cf. Stuyfzand, 1988; Griffioen
et al., 2013).

2. Method
2.1. Selection of parameters

The selection of parameters for an ecohydrologically relevant water
quality diagram was based on its envisaged ability to provide informa-
tion on the following factors:

e Ecological site conditions, indicating the suitability of local water
quality for flora and fauna development;

e Hydrological drivers of the site conditions on a landscape scale,
providing indications on the origin of water sources replenishing the
site, and on the processes driving water quality evolution along the
flow path;

Selection was also directed to parameters which are commonly
analysed in (eco)hydrological monitoring or research programmes such
as macro-ions, nutrients and common metals.

The number of parameters to include in the diagram was kept as low
as possible to keep the diagrams comprehensible, while still providing
maximum relevant ecological and hydrological information. The
selected parameters are detailed below (see Table 1).

e Nutrients are of prime importance for organisms but not included in
commonly used water quality diagrams. We included PO4, NO3, NH4
and K in our water quality diagrams to enhance relevance for
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Table 1
Selected parameters for the ecohydrological water quality diagrams.
Parameter Indicator value Remarks
NO3, NHy, Nutrients Of prime importance for organisms cq. in
PO4, K Pollution ecohydrology.
NO; and NH, indicative for redox status.
Cl Salinity Conservative tracer indicating
Pollution composition of principal water source, or
mixing and pollution processes.
Ca Acidity (indirect) Indirect indicator for acidity. Control on
Cation exchange P-availability. Information about cation
Carbonate exchange in combination with other
dissolution/ cations.
precipitation
Fe Reduction Reduced environment often indicating
organic matter availability, steering a.o.
denitrification, sulfate reduction,
methanogenesis, dissolution of heavy
metals, and increased alkalinity. Control
on P- and N-availability. Indicating
saturated aquifer conditions.
S04 Pollution Influences internal eutrophication by
Pyrite or gypsum phosphorus.
dissolution Absence may indicate strongly reduced
Seawater conditions.
Na Salinity Added for visual appearance.
Pollution Information about cation exchange in
Cation exchange combination with other cations, and
feldspar dissolution.
HCO3 Alkalinity Added for visual appearance.

Carbonate Indicator for silicate weathering.
dissolution/ Indirect indicator for acidity.
precipitation

Mineralisation of
organic matter

ecohydrological studies. Both NO3 and NH4 are considered because
these are the forms most present and analysed in water samples, they
provide information on redox conditions, and they differ as to their
availability to plants (Boudsocq et al., 2012).

Chloride was selected as indicator of one of the primary water quality
determinants for ecosystems being salinity (Herbert et al., 2015).
Chloride is also a conservative ion not engaged in hydrochemical
processes (except under hypersaline conditions; Appelo and Postma,
2004) and thus suitable as a natural tracer indicating the principal
water source (e.g. precipitation, waste water, seawater), or mixing
and pollution processes, when dissolution of rock salts is
insignificant.

Calcium was selected for multiple reasons. In most freshwater en-
vironments calcium is the main cation, which virtually always comes
up in statistical analyses as a principal component explaining vari-
ance in water quality samples. Low calcium also functions as indirect
indicator for relatively high natural acidity, e.g. in bogs where acidic
precipitation recharges the organic soil devoid of calcium minerals
(Gorham et al., 1985). Increasing calcium usually indicates
decreasing acidity and increased alkalinity following dissolution of
Ca carbonates along the flow path (Appelo and Postma, 2004). Cal-
cium may further indicate agricultural pollution, or cation exchange
following aquifer salinisation or freshening (Martinez and Bocane-
gra, 2002; Naus et al., 2019). Ecologically, calcium may be important
by limiting phosphorus nutrient availability through precipitation of
Ca phosphate minerals like hydroxyapatite (Griffioen, 2006; Dunne
and Reddy, 2005) or complexation with Ca carbonates (Avnimelech,
1980).

Iron dissolution is an indicator of reduced conditions at near-neutral
and slightly alkaline pH (Drever, 1997; Appelo and Postma, 2004).
Redox processes steer the concentrations of many ecohydrologically
relevant parameters, e.g. nitrogen through denitrification and
ammonification (Hefting et al., 2004), sulphate versus sulphite
(Smolders et al., 2006) and (toxic) heavy metals through dissolution
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(Borg et al., 2010). Reduction processes are commonly fueled by
degradation of organic matter leading to increased alkalinity
(Mattson and Likens, 1992). Iron may also control phosphorus
nutrient availability through precipitation of iron Fe(II) phosphates
(vivianite) and iron (hydr)oxides as sorbent (Gachter and Miiller,
2003; House and Denison, 2002).

Sulfate may indicate human pollution at the origin of the water
sources, geohydrological processes like dissolution of sulfur bearing
minerals (pyrite, gypsum), or mixing with seawater. In an ecological
sense sulfate in wetlands may increase nutrient availability though
oxidation of organic matter releasing ammonium and phosphate
(Lamers et al., 1998; Smolders et al., 2006).

e Sodium was initially not selected as it does not add pivotal ecohy-
drological information and usually shows trends comparable to
chloride, stemming from dissolution of halite rock salt (NaCl) or
seawater as origin. It was nevertheless added to enhance compara-
bility of the visual appearance of the adapted diagrams with existing
diagrams which all show the major ion couple Na-Cl. As an added
value sodium may indicate feldspar dissolution, while sodium/
chloride ratios may indicate cation exchange processes related to e.g.
salinisation and freshening of aquifers (Magaritz & Luzier, 1985;
Appelo & Willemsen, 1987).

Bicarbonate which may often be equalised to alkalinity was likewise
only selected to enhance visual comparability with existing diagrams
showing the major ions couple Ca-HCOj3. Bicarbonate usually shows
concentrations similar to calcium stemming from dissolution of Ca
carbonates. It may have an added value by indicating silicate
weathering and the occurrence of reduction processes manifested
through increased bicarbonate concentrations following oxidation of
organic matter. It also serves as an indirect indicator for acidity.

2.2. Definition of diagrams

2.2.1. Selection of diagram form

Initially we opted to present one adapted water quality diagram fit
for ecohydrological studies. During our research it appeared personal
preferences on diagram types may differ, so we decided to present a
number of different diagrams, all using the same selected parameters.
We started by using the Maucha and Stiff diagrams as a basis for adapted
diagrams. Both show cations on the left, and anions on the right side of a
vertical center line enabling insight in their mutual balance. The original
Maucha diagram (Maucha, 1932) used the 4 anions CO3, HCOs, Cl, SO4
(left) and the 4 cations K, Na, Ca, Mg (right). Stiff diagrams basically
consist of 3 cations (usually Na, Ca, Mg) and 3 anions (usually Cl, HCOs3,
SO4), but many variations have been presented e.g. with 4 + 4 ions,
changed ion sequence from top to bottom, or ion sums instead of a single
ion (e.g. Na + K instead of Na).

We changed part of the above parameters to include all of our
selected 10 parameters. We paired Na and Cl as main representatives for
salinity, Ca and HCOj for carbonates and alkalinity (and indirect acid-
ity) and Fe and SO4 for information on redox conditions. Ammonium
and NO3 were paired as indicator of the redox status of the nutrient
nitrogen. Potassium and PO4 were paired to show the two remaining
important nutrients, although they usually behave independently of
each other, in contrast to the other 4 pairs. We defined two adapted
diagrams based on the Maucha diagram and two on the Stiff diagram.

In the Maucha based diagrams we put the macro-ions at the bottom,
Fe-SO4 in the middle and the nutrients on top. The latter was intended to
emphasize the nutrient information. We used the adapted Maucha dia-
gram as described by Broch & Yake (1969) that allows for scaling of
concentrations, with the length of the arrows indicating ionic concen-
trations. We call this form a Jester diagram. After some trials we felt the
inward pointing arrows used for the minor concentrations in the
(Maucha and) Jester diagram, presented a visually distorted view on the
actual concentrations. We redesigned the diagram by using an arc
starting from the diagram centre, delineating a surface area proportional
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to the concentration. We call this form a Sector diagram.

In both diagrams a circle is used to indicate a standardised concen-
tration per parameter, which will be explained in the next section. The
ion pairs Na-Cl and Ca-HCO3 are presented in different grey scales
indicating a sort of basic reference (to salinity and alkalinity), while the
other ions have distinct colours for emphasis.

In the Stiff based diagrams, we kept the top part presenting Na-Cl and
Ca-HCOgs to resemble the original Stiff diagram. Beneath these we added
Fe-SO4 followed by the nutrients at the bottom. We eliminated K from
the Na row as in the original Stiff diagram, to express the nutrient K as a
separate ecological relevant parameter. Both new Stiff based diagrams
were developed with the top showing macro-ions, but differ with respect
to the minor ions below. The Stiff-A diagram shows the minor ions
separated by a small spacing from the macro-ions to emphasize the
different individual scaling used for the minor ions (see next section).
The Stiff-B diagram shows the minor ions depicted as separate bars
similar to Wassen et al. (1988), but with broader bars and different
colour for the minor ions. Both Stiff based diagrams present the classical
macro-ions in grey scales and the minor ions in orange for emphasis. The
length of the horizontal parameter axes are in meq/l, but with a scaling
factor for Fe-SO4 and the nutrients (see below).

2.2.2. Scaling of the minor ions

Essentially, the selected ions are considered equally important with
respect to their information value. This implies they should come across
in a visually balanced way in the diagram. With concentrations pre-
sented in meq/l, as done for most current water quality diagrams, this
generally leads to overemphasis of the major ions Ca and HCO3 (fresh
systems) and/or Na and Cl (more brackish systems). To get all ions
across visually more equal in the water quality diagram we introduced a
scaling factor for each of the minor ions, consisting of Fe, SO4 and the
nutrients. A scaling factor is defined as the enlargement of concentra-
tions of minor ions to get them displayed in the water quality diagram
with comparable sizes to the macro-ions.

The range of concentrations of minor ions as found in natural
groundwater was the basis for establishing a scaling of the different
parameters. For this purpose a reference dataset was used consisting of
over 6000 fresh groundwater analyses (Cl < 300 mg/1) from a well-
studied 20*25 km region in the Netherlands with many wetlands con-
taining different water types, having varying degrees of salinity, acidity,
redox conditions and nutrient concentrations (Schot & van der Wal,
1992). It appeared this reference dataset was useful as a basis for our
scaling of the minor ions, at least for all examples (regional, national,
continental, temporal) we present in this paper.

The major ions of fresh groundwater from the reference dataset
showed median and average concentrations from 0.8 to 2.2 meq/1 and
1.4-2.6 meq/], respectively. To make the minor ions roughly compa-
rable in size in the diagrams, we decided to scale the minor ions to 1
meq/l, meaning the average concentration of the ion in the dataset will
plot equal to 1 meq/1.

The scaling factor for a minor ion X was defined as 1/[average
concentration ion X] of the dataset to be visualised. For an average
minor ion concentration in the dataset used of e.g. 0.05 meq/l, the
scaling factor becomes 1/0.05 = 20, which will then plot at 0.05*20 =1
meq/] in the diagram. A measured concentration of 0.1 meq/l would
then be plotted as 0.1*20 = 2 meq/1 in the diagram. In the Stiff type
diagrams the meq/1 are visualised by a scale bar above the diagram, with
a vertical line indicating 1 meq/] as a reference for the scaled average
concentration of the minor ions. In the Jester and Sector diagrams a
circle is used that signifies 1 meq/l1 and denotes the average concen-
tration of the minor ions. These 1 meq/1 lines thus indicate whether the
respective minor ion concentrations of a sample are below or above the
average concentration in the dataset; they do not represent true con-
centrations but scaled, relative, concentrations. For the major ions the
diagrams indicate the true concentration in meq/1.

For two of our examples (national scale and temporal variation) we
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also used scaling of ions relative to particular water quality norms, not
only for the minor ions but also for the major ions, since each ion may
have an individual norm. The scaling factor in this case for parameter Y
is defined as 1/[norm concentration for parameter Y]. For example a
NOj3 concentration of 60 mg/1 relative to the European Union drinking
water norm of 50 mg/1 would be plotted as 60* 1/[50] = 1.2, which in
the diagram would be visible as a length (Jester) or area (Sector) equal
to 1.2 times the length/area for the norm of 50 mg/], the latter which is
defined as equal to 1 and indicated by a circle. In this way the diagram
directly shows which parameters exceed the norm (length of parameter
surpasses the circle indicating the norm). In this case all ions represent
relative concentrations (relative to norm).

2.2.3. Evaluation of diagrams on spatial and temporal scales

We evaluated our approach for both spatial and temporal applica-
tions to demonstrate their wide applicability, for both groundwater and
surface water. Selection of demonstration sites was based on 1) areas for
which we had access to water quality databases containing the necessary
10 parameters, and 2) which have been described previously in peer-
reviewed scientific papers so readers can look up specifics of each area
when needed. We used groundwater data on 3 nested spatial scales,
ranging from regional via national to continental, primarily based on
access of the authors to suitable databases: regional scale data from a
20%25 km area in the Netherlands, displaying a wide range of different
water types from rainwater-like to brackish (Schot & van der Wal,
1992); national scale data of shallow groundwater down to 30 m in the
Netherlands as described by Griffioen et al. (2013); continental scale data
of European groundwater from Wendland et al. (2008). For a temporal
application we used surface water data from the Vaal River in South
Africa showing water type variation over a monitoring period from
January to November 2004 (Silberbauer, 2009). For each of these da-
tabases, a different adapted diagram type is used to illustrate spatial and
temporal variation in water quality, their relation to natural biogeo-
chemical and human processes, and value for monitoring and policy
development. Background information on the respective areas can be
obtained from the papers cited above.

3. Results
3.1. The Stiff-A diagram (Regional scale)

The new Stiff-A diagram in Fig. 1 graphically presents the main
groundwater quality types in the central part of the Netherlands as
described by Schot and Van der Wal (1992). These groundwater types
were determined by cluster analysis of a set of 1349 fresh groundwater
samples (Cl < 300 mg/1) containing 12 different water quality variables,
including the 10 used in our adapted diagrams. Flow directions and flow
system boundaries indicated in Fig. 1 are based on extensive hydro-
logical system analysis studies in the area a.o. using flow path model-
ling, isotope tracers and hydrochemical interpretation (Schot et al.,
1988; Schot, 1990; Schot and Molenaar, 1992). The comprehensive di-
agrams allow for a detailed hydrogeological and ecohydrological
interpretation.

Hydrogeologically, recharge by precipitation on the sandy ridge in
the east is reflected in groundwater type A showing rather low HCO3 and
increased Na, Cl, Ca, SO4, NO3 and K concentrations indicating pollution
by human activities in agricultural and urban areas. Low Fe together
with high NO3 and SO4 concentrations indicate the groundwater is still
oxic or suboxic. Further down the flow path groundwater types B and C
indicate 1) less pollution as water down the stream line is older and less
affected by pollution, 2) slightly increased Fe and NH4 suggesting some
reduction processes, 3) increasing HCO3 from dissolution of carbonates
and possibly redox processes.

At the river plain we observe three distinct types of groundwater.
Type D is shallow groundwater stemming from local precipitation that
passes the confining peat layer during recharge. It is relatively acidic and
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Fig. 1. Stiff-A diagrams showing groundwater types in the Central Netherlands (data derived from Schot and Van der Wal, 1992).

unpolluted and shows reduced conditions (Fe, NH4) common to peat
layers and some K enrichment. Type E results from the infiltration of
surface water in lakes and canals that have become polluted as a result of
suppletion with River Rhine water during dry summer periods. Pollution
signs are visible in the elevated Na and Cl and possibly PO4 concentra-
tions. High Fe and NHy4, and low NO3 and SO4 concentrations indicate
low redox potentials stemming from passage of the confining, largely
saturated, peat or humic clay layers also leading to very high Ca and
HCO3 concentrations (Schot & Wassen, 1993). Type F stems from Ho-
locene transgressions flooding the river plain with brackish-saline water,
then infiltrating deep down into the main aquifer through density driven
flow (Post, 2004). Due to mixing with fresh water in the aquifer the
infiltrating water attains a decreased brackish character but still shows
relatively high Na, Cl and SO4. These concentrations currently indicate
upward flow of transgression affected water towards the surface in deep
polders with low artificially controlled surface water levels (Schot and
Molenaar, 1992).

Ecohydrologically, groundwater exfiltrating at the margin of the
ridge (type C) is relevant. It has an unpolluted alkaline mesotrophic
character, feeding protected so-called rich fens with high biodiversity,
which include many rare and endangered plant species (Wassen et al.,
1988). Conservation of this type of seepage is therefore a main aim of
nature management. Type A indicates groundwater that is more recently
infiltrated on the ridge and became polluted, which potentially may
affect the rare rich fen plant communities in future when it exfiltrates.
On the river plain, shallow peat water (type D) is also unpolluted and
will likely become more alkaline during further flow providing favorable
conditions for species rich fens when the water exfiltrates in adjacent
lower lying polders, although nutrient concentrations (NH4, K) are
somewhat higher than in groundwater originating from the ridge (Schot
and Wassen, 1993). Types E and F are less suited for species rich fens due
to their more saline and nutrient rich character.

3.2. The Jester diagram (National scale)

The Jester diagram in Fig. 2 presents main fresh (Cl < 300 mg/L)
groundwater quality types in the Netherlands, as based on Griffioen
et al. (2013). The Netherlands shows two distinctly different hydro-
geological parts, roughly demarcated by the NE-SW directed mean sea
level line in Fig. 2: a Pleistocene part in the east and south with thick
phreatic aquifers consisting mainly of fluvial sands; and a Holocene part
in the north, west and central riverine part with a confining top layer of
predominantly clay and peat overlying Pleistocene sandy aquifers, and a
coastal dune belt along the shore.

Fig. 2a shows major ions in grey in absolute concentrations in meq/1,
while minor ions have been scaled relative to their average concentra-
tion over all areas. Salinity as indicated by Na and Cl concentrations is
highest in areas I and Il in the coastal marine influenced Holocene part in
the west (note only fresh groundwater samples (Cl < 300 mg/1) were
considered in this analysis). The higher Cl concentration for this fresh
groundwater is due to mixing of fresh and saline groundwater as well as
infiltration of river water with elevated Cl concentrations (Stuyfzand,
1993). Area I also shows highest SO4 concentration pointing to the same
origins (Griffioen et al., 2008). In the Pleistocene part, shallow
groundwater typically originates from infiltration of rain and no marine
influences are present in the shallow aquifers. This causes low Cl
concentrations.

Redox conditions as indicated by Fe point to non-reduced conditions
in the most elevated areas with deep groundwater tables (X, VI), and
predominantly reduced conditions elsewhere despite extensive NO3 in
parts of the Netherlands. SO4 concentrations are highest in the marine
influenced area I, as well as in the southern sandy Pleistocene area VII
and chalkstone area X which are subject to intense agricultural leaching
of nitrates. In the subsurface denitrification takes place by pyrite
dissolution giving rise to increased SO4 and relatively low NOgs con-
centrations (Van Beek and Puffelen, 1987; Zhang et al., 2009). This



P. Schot et al.

Journal of Hydrology X 17 (2022) 100137

land below (left) and above (right)
Mean Sea Level

Fig. 2. Jester diagrams showing regionally averaged composition of fresh (Cl < 300 mg/1) groundwater in the Netherlands. a) Minor ions scaled relative to their
average concentrations over all regions; b) All ions scaled relative to drinking water norms in The Netherlands (Drinkwaterbesluit, 2011; no norms for Ca, HCO3, K).
The rings indicate average (a) or norm (b) concentration. Red arrows in b) indicate concentration exceeds norm more than threefold. Classification of the coloured
areas is based on geological and hydrogeological differences of the shallow subsurface (data based on Griffioen et al., 2013). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

process does not take place in area X where NO3 remains high.

The newly added nutrients K and PO4 display highest concentra-
tions in the western coastal areas I and II, while NH4 is highest in area II.
These high nutrient concentrations have been linked to the degradation
of marine sedimentary organic matter present in the Holocene confining
top layer (Mastrocicco et al., 2013; Griffioen et al., 2013). Nutrient NOg
is highest in area X where this agriculturally derived compound remains
in an oxic state due to deep groundwater tables and absence of
degradable organic matter in the chalkstone aquifer. Nitrate is low in the
western part where the groundwater table is permanently close to the
surface and the confining peat and clay layers provide degradable
organic material for denitrification.

Calcium and HCO3 concentrations are highest in areas [, II, IIl and X
pointing to dissolution of Ca carbonates from marine (I), lagoonal (II)
and fluvial (III) sediments, and from chalkstone in the most southern
part (X) and eventually Na-HCOj3 type groundwater in relation to
freshening of saline aquifers with associated cation-exchange (Appelo &
Willemsen, 1987). Areas I and II show relatively low Ca versus relatively
high Na concentrations indicating Na-HCO3 water types resulting from
cation exchange processes, with Ca replacing Na from the cation-
exchange complex that was formerly in equilibrium with Na-rich ma-
rine water. HCOj3 increases upon cation-exchange due to enhanced Ca
carbonate dissolution (Griffioen et al., 2013). Area X shows highest Ca
concentrations related to chalkstone dissolution, but relatively low
HCO3 with high NO3 and SO4 contributing significantly to total anion
concentrations. The diagrams and their differences also confirm that the

geochemical control is stronger than the anthropogenic control despite
large contamination of infiltrating rain and river water due to intensive
agricultural and industrial activities in the Netherlands (Van den Brink
et al., 2007).

The Jester diagrams make clear a number of issues not well known to
most water managers and ecohydrologists, such as the naturally high
nutrient concentrations (K, PO4, NHy) in the coastal areas. Likewise high
NOs leaching from intense agriculture in the eastern Pleistocene areas is
well known, but less known is that by far the highest concentrations are
in the southern chalkstone area due to lack of denitrification capacity,
while pyrite dissolution (shown by high SO4) denitrifies groundwater to
a considerable extent in areas VII and IV. Also less known is the pre-
dominantly reduced character of shallow groundwater in the northern
area IX and VIII as evidenced by presence of dissolved Fe.

When concentrations are plotted relative to drinking water health
norms (Fig. 2b) it becomes clear that Fe and NH4 are above drinking
water norms in most of the areas. This would entail treatment before the
water can be used for drinking water.

3.3. The Stiff-B diagram (Continental scale)

The new Stiff-B diagram is demonstrated for a selected number of
major groundwater composition types at European scale (Fig. 3). The
diagrams are based on the paper by Wendland et al. (2008) who made a
European aquifer typology as a practical framework to assess major
groundwater composition at continental scale. The typology included
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Fig. 3. Stiff-B diagrams illustrating groundwater composition for major aquifer types at European scale (data derived from Wendland et al., 2008).

major classes of aquifers with comparable petrographic properties. The
various classes were expected to show similar groundwater composi-
tions in comparable hydrodynamical and hydrogeological conditions.
Major groundwater compositions were determined for aquifer types
Sands and Gravels (with subtypes), Limestones and Crystalline Rocks. In
the original paper results on groundwater compositions for each type
were shown in the form of (extensive) tables covering 2.5 pages. This
hampers quick comparison between different types. We therefore
selected a number of groundwater composition types and plotted them
using our new Stiff-B diagram to enable more rapid visual comparison
(Fig. 3). For clarity we only plotted a limited number of types for the
Sands and Gravels 7 out of 10), Limestones (2 out of 4) and Crystalline
Rocks (1 out of 2).

The diagrams indicate that groundwater composition varies across
Europe for similar aquifer types. For the Fluvial Sands and Gravels
salinity is quite comparable, whereas differences are visible for Ca and
HCOs3 in the order of a factor 3 and 10, respectively. Nitrate and phos-
phate are above average in Bulgaria Sofia Valley, while ammonium is
highest in Belgium Pleistocene. The Glacial Sands and Gravels show
relatively low Ca and HCOs and high Fe and NH4 concentrations in
Netherlands Fluvioglacial deposits compared to Denmark Odense area
and Germany Northern Lowlands. Limestone in Bulgaria Sofia Moun-
tains shows a NaCa-HCOg3 water type with high K and PO4 concentra-
tions, differing significantly from Germany Midlands. Crystalline Rocks
groundwater from Germany Black Forest and Ore Mountains clearly
shows lowest mineralization of all groundwater types.

The diagrams of Fig. 3 indicate that, contrary to the assumption of
Wendland et al. (2008), groundwater composition in aquifers from the
same typology may differ considerably between and within different
countries, notably in redox conditions as well as alkalinity concentra-
tion, depending on regional petrographic and hydrogeological condi-
tions. It is also apparent that in different geological settings the newly

added nutrient parameters may differ significantly, thus adding signif-
icant ecohydrological water quality information.

3.4. The Sector diagram (Temporal scale)

Fig. 4a presents changes in surface water quality in the form of Sector
diagrams over the period Jan-Nov 2004 at an ambient water quality
monitoring site of the Department of Water and Sanitation on the
Rietspruit River, South Africa. The Rietspruit River is a tributary of the
Vaal River in Gauteng province. Land use types in the Rietspruit
catchment include gold mines, dryland agriculture, and high density
residential (Silberbauer and Moolman, 1993; Showalter et al., 2000).

The changes in water quality during 2004 reflect pollution sources
that include acid mine drainage (SO4) (e.g. Silberbauer, 2011) and
treated sewage (Cl, PO4, NO3 and NHy4) (Dzwairo and Otieno, 2014).
Summer rainfall in January to April appears to dilute the pollutant load;
concentrations then increase in the dry months, until the rains begin
again in late August or September.

Fig. 4b displays all ions relative to a set of norms based on values for
“good quality” water in the South African Water Quality Guidelines
(DWAF, 1996) and the prescribed Resource Quality Objectives (DWS,
2016) for this part of the Upper Vaal catchment. Fig. 4b makes clear that
PO4 concentrations exceed the norm set by water quality guidelines
more than threefold in every sample, suggesting a constant source of
(partly) untreated effluent may have been entering the Rietspruit. From
January to April NH4 is low and NOj is high, while from August till
November this somewhat reverses to low NO3 and high NHy, the latter
also exceeding the norm. Whether this is related to changes in nutrient
inputs or to oxygen concentrations in the water is not clear from the data
measured by DWS. Changes in Fe concentration between rainy and dry
periods may be related to runoff from mines lowering the pH, which
increases the solubility of metal ions.
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Fig. 4. Sector diagrams showing Jan-Nov 2004 changes in surface water quality of Rietspruit river in the Vaal catchment, South Africa (data from Department of
Water and Sanitation, South Africa). a) Minor ions scaled relative to their average concentrations over all samples; b) All ions scaled relative to water quality
guidelines (DWAF, 1996; DWS, 2016). The rings indicate average (a) or norm (b) concentration. Red arrows in b) indicate concentration exceeds norm more than
threefold. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Generally, the addition of nutrients to the diagrams in both figures
provide insights that go clearly beyond those obtained from classical
diagrams restricted to major ions, notably since the nutrients are the
prominent parameters exceeding water quality policy guidelines.

3.5. Intercomparison of adapted diagrams

Fig. 5 presents a comparison of the 4 adapted water quality diagrams
for a number of samples taken from the four datasets used. The figure
shows how identical samples lead to visually distinctly different dia-
grams. Showing the different diagrams to colleagues during the prepa-
ration of this paper indicated that the favored diagram differs between
people, and may even differ between studied areas showing relatively
low or relatively high salinity, carbonates or minor ions. Since there is
apparently no one-size-fits-all diagram we present all 4 diagrams, so
readers can decide themselves which type suits their needs best.

The Maucha based diagrams have macro-ions at the bottom, while
the Stiff based diagrams have macro-ions at the top. Colouring in the
Jester and Sector is much more pronounced than the two colours of the
Stiff-A and -B. Also, the Jester diagram may become quite ‘spiky’ and
take considerable plotting space when individual concentrations
become relatively high. The Sector appears somewhat more compact.
The Stiff based diagrams are characterized mainly by their typical grey
and orange appearances.

4. Discussion

Four adapted water quality diagrams have been presented and
demonstrated on both spatial (regional, national, continental) and
temporal scales. The Regional example showed how the additional ions
allow for a more profound ecohydrological analysis, leading to insights
in redox processes in water infiltrating through the peat/clay layer on
the river plain and (to a lesser extent) in deeper groundwater in the
sandy hill ridge. For nature conservation, helpful insight is provided in
possible nutrient pollution to seepage dependent fens at the ridge edge
(by NO3), or to polders on the river plain (by NH4 and K). The National
example provided new insight in high PO4, NH4 and/or K nutrient
concentrations in the coastal regions, as well as in exceptionally high
NO3 concentrations in the southern chalkstone area due to lack of

denitrification capacity. The Continental example made clear similar
aquifer types not necessarily present similar water qualities as was
postulated, and may differ considerably in nutrient concentrations
depending on local human activities or (possibly) minor geological
differences. The Temporal example of Vaal river water in South Africa
showed high PO4 concentrations consistently surpassing water quality
standards more than threefold, as well as possible seasonal differences in
high NO3 and NH4 and Fe concentrations.

Scaling concentrations relative to water quality policy guidelines
proved useful for quick visual insight in exceedance of norms relevant
for the areas at stake.

Since water quality is a function of many parameters, the adapted
diagrams with 10 parameters now provide a user friendly visual pre-
sentation enabling a more holistic analysis of hydrogeological and
ecological processes of interest to ecohydrologists and water and nature
managers.

With respect to hydrogeological processes the information value of
the existing and commonly used Stiff and Maucha diagrams is retained.
All major anions used in the classical diagrams (Cl, HCOs, SO4) are also
included in the adapted diagrams. For the cations, Na and Ca have been
retained, while K is displayed as a separate value, whereas the classical
Stiff and Piper diagrams display K as the sum of Na + K. The concen-
tration of Mg has been left out of the new diagrams as this was consid-
ered less important from an ecohydrological perspective. This may be
seen as a drawback when hardness or Mg itself is of significant interest
for example in seawater intrusion processes with cation exchange.
However, our parameter Ca is also roughly indicative of total hardness
as well as in cation exchange processes following seawater intrusion.
Instead Fe has been added as an important indicator of reduced
hydrochemical conditions, as redox conditions are strongly steering
concentrations of many water quality variables by means of hydro-
chemical processes.

By adding the nutrients, of which NO3 and NH4 are particularly
redox sensitive, more advanced insight in redox conditions is offered by
mutually comparing concentrations of Fe, NO3, SO4 and NHj.

With respect to ecological processes the adapted diagrams add
considerable extra information compared to classical water quality di-
agrams. They present comprehensive information on the four most
common environmental nutrients: both nitrogen compounds NO3 and
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NH4, phosphorus as POg4, and K as a separate variable. Nitrate has been
used in some variations of the classical Stiff diagram (eg. Nyenje et al.,
2013) but not regularly. Potassium is included in the Piper, and often in
Stiff diagrams, as a summed value of Na + K, but never as separate value.
Ammonium and POy are not used at all in classical water quality dia-
grams. The only known exception is an adapted Stiff diagram by Wassen
et al. (1988) showing separate concentrations of NO3, NH4 and PO4 as
three additional separate lines, but the diagram lacked a clear shape to
discern and characterize different water types. Therefore, the adapted
water quality diagrams presented may be considered as a response to the
plea made by Pedroli (1990) for an internationally applicable composite
classification adapted to ecohydrological research.

Finally, using policy norms for scaling of ions has the advantage of
providing an ‘alarm function’ of exceedance of norms, i.e. when con-
centrations surpass the ring in the diagram (Fig. 2b and 4b). We could
not find any published application to the Stiff or Maucha diagrams. Such
alarm functions may be useful in monitoring efforts on local, regional or
even continental scale, e.g. in light of the EU Water Framework
Directive.

A number of choices were made during the creation of the adapted

Comparison of the 4 adapted water quality diagrams for a number of samples from the regional, national, continental and temporal databases used above.

diagrams. First, the number of selected water quality parameters has
been a trade-off between supplying as much information as possible, and
keeping the number of parameters low enough to retain a comprehen-
sible diagram. We used 10 parameters to define our diagrams. This is
somewhat higher than the classical diagrams that commonly use be-
tween 6 and 8 parameters. We have tried to facilitate interpretation of
the Stiff-A and Stiff-B diagrams by using different colours for the macro-
ions (grey) and the minor ions (orange). For the Jester and Sector we
used grey tones for the macro-ions and different bright colours for each
minor ion emphasizing our focus on ecohydrological purposes.

Next, the choice for a diagram form was not that unequivocal as
initially envisaged. Although we initially aimed at defining only one
adapted diagram, discussions with multiple colleagues led to the insight
that form preferences may differ between different people, for all sorts of
reasons. This led to the decision not to try to devise one type of diagram,
but to present multiple diagram forms from which professionals may
pick their own favorite. By presenting multiple forms we have tried to
make available a set of diagrams based on the same assumptions as to
the ions to be included, but different appearances that may suit different
needs and preferences. Likewise we presented two forms of scaling of
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minor ions, based on average concentrations or on policy norms. Time
will tell which forms and scaling will be applied, and for what kind of
specific applications or reasons.

An important point of discussion pertains to the scaling of the minor
ions. We examined both using average and using median values of the 6
selected minor ions as a basis for scaling. It appeared average values
presented visually more informative diagrams than median values. This
is probably due to the skewed distribution of most minor ions which
often display many values below or just above the detection limit. This
implies median concentrations may be relatively low, leading to high
scaling factors and subsequent extreme long points or bars in the dia-
grams for samples that are well above the median concentrations. By
using averages as a basis for scaling there are much less extremes.

The choice of using averages of concentrations for the minor ions has
another important implication. By using averages of concentrations
found in a certain dataset the scaling basically becomes dataset- or area-
specific. Since concentrations found in area A may be significantly
different from those in area B, the resulting average concentrations per
area will also differ. This then leads to different scaling factors per minor
ion per area. This implies that diagrams as to the minor ions are basically
incomparable between different datasets of different areas. For the
macro-ions they are in principle comparable as these are displayed by
their true concentration in meq/1, although the scaling of the meq/1 axes
may still differ between areas depending on the maximum values
observed per area.

Even within the same area one should consider what averages to use.
When sampling occurs at different moments in time (e.g. for moni-
toring), two approaches can be followed. Either one keeps the scaling
based on the first sampling, in which case concentrations of new samples
can be directly compared with the old samples (as scaling is the same), in
terms of increased/decreased concentrations over time. Another
approach is to calculate averages for each minor ion based on the
complete dataset of all samplings over time, and then scale samples of
each monitoring event relative to these overall averages. As long as the
same scaling is used for different moments in time, old and new samples
can be directly compared.

To enable 1:1 comparison of the diagrams between datasets from
different areas a uniform scaling of the minor ions should be applied. We
tried to find such a scaling based on comparing ranges and averages of
different datasets from different areas within The Netherlands and
within Europe. We could however not find a one-size-fits-all scaling
method per parameter. This is because different (geological) areas have
different water quality characteristics, with different average concen-
trations, and thus different optimal scaling factors. We tried to deter-
mine a sort of ‘average’ overall scaling factor for each minor ion that
could be applied uniformly for all areas. This however had too much of a
compromising effect on the information value of the diagrams per spe-
cific area. We therefore decided to use area specific scaling factors.
There are simply too many differences between areas with respect to the
different minor ion concentrations as a result of differences in geology,
human interventions, etc.

A similar effect occurs when water quality norms are used for scaling
of minor ions, since water quality norms may differ per country or area
considered. They also differ between policy fields or intended use, e.g.
different norms for drinking water, industrial use, or natural ecosystems.
For example the ecohydrological standards for NO3 are much lower than
e.g. the drinking water limit of 50 mg/L of the European Union. More-
over, depending on the type of ecosystem one is aiming to protect or
restore, different nitrate concentrations may be relevant depending on
the tolerance of specific ecosystems to nitrates. Similarly the norms for
other water quality parameters may differ between ecosystem types, e.g.
bogs need acidic, oligotrophic water while fens need more alkaline,
mesotrophic water. The same obviously applies to all other minor ions.
Comparability of diagrams based on policy norms between different
areas therefore necessitates a uniform norm, e.g. the EU drinking water
standard of 50 mg/1 for nitrate.
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Our adapted water quality diagrams were devised to be used by re-
searchers and water managers alike. We offer free access to our codes
which enables users to modify them when needed, e.g. add or replace
certain parameters that are of particular interest to them. We are curious
to see which of the adapted ecohydrological water quality diagrams will
be applied in future studies, and whether a more uniform scaling of (part
of) the minor ions will develop.

Note on accessing diagram plotting scripts.

The code used to plot the adapted diagrams is openly accessible and
freely usable by the community at large. Your own data can be inputted
into a data entry sheet and plotted by running a single-click R script. The
R project featuring code and data entry sheet is available at the
following location:

https://github.com/jebeard/WaterType-Diagrams.

5. Conclusion

This paper sets out to present water quality diagrams that are rele-
vant for ecohydrological research and related policy applications.
Classical water quality diagrams being mainly developed for geo-
hydrological purposes miss comprehensive information on nutrients
which is pivotal to ecological functioning. Ecological considerations are
on the forefront of present day policy efforts directed at achieving sus-
tainable development, which results in associated information needs.

We developed water quality diagrams which include all four eco-
hydrologically relevant nutrient species (NO3, NH4, POg4, K). The dia-
grams largely retain the traditional information on ions for
hydrogeological characterization and additionally offer advanced
insight in redox status from the combination of four redox-sensitive
parameters (Fe, NOs, SO4, NHy). For ions that usually make up the
bulk of the dissolved solids (Na, Cl, Ca, HCO3) concentrations are dis-
played in absolute meq/1. For the ions that are usually less dominant in
meq/l (NO3, NHy, POy, K, Fe, SO4) the concentrations can be scaled in
two ways: 1) Relative to the average concentration of the ion at hand for
the given dataset, with the average plotted at 1 meq/l; 2) Relative to an
established policy norm for the minor ion (eg. nutrients or iron), with
the norm plotted at 1 meq/1.

The diagrams may be used to compare water quality samples in a
spatial mode or a temporal mode. Depending on the chosen scaling of
the redox-sensitive ions and nutrients, the diagrams show at what
location or time their concentrations are higher resp. lower than the
average concentration, or than the policy norm concentration set for a
particular ion parameter.

Four different diagram appearances are developed on the basis of
classical Maucha and Stiff diagrams. The Stiff-A diagram resembles the
classical Stiff diagram with connection lines between the concentrations
of the different ions. This gives them a characteristic form that may be
attributed to certain water quality types. Stiff-B diagrams present con-
centrations as bars making it somewhat easier to distinguish separate
(relative) concentrations. Jester diagrams have a pronounced spiky form
that highlights large (relative) concentrations of samples. The Sector
diagrams are more condensed showing a less outpointing appearance
than the Jester.

We envisage application of scaling to averages amongst ecohydro-
logical researchers to highlight the main differences in an area or
timeframe. Scaling relative to norms is likely more relevant for policy
makers and evaluation of routine monitoring efforts. Policy norms
scaling has the advantage of providing an ‘alarm function’ of exceedance
of norms, eg. those used for the EU Water Framework Directive.

We made our R-scripts publicly available which enables users to
modify the R-script to their particular needs.
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