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Abstract  

Plant communities characteristic of regional groundwater discharge sites harbour 

many rare plant species, which are threatened due to climate change and associated 

changes in the hydrological cycle. To understand the impact of these threats, 

approaches distinguishing between local and regional groundwater discharge fluxes 

are needed. We developed a hydrological modelling approach to trace flow paths of 

water particles through the subsurface in a case study in the Netherlands to make 

this distinction. We focused on the maximum depth of the flow paths and used the 

percentile distribution of the maximum depth as indicator of regional groundwater 

flux. The model was validated with field data on groundwater heads and water 

chemistry from 29 locations. Water chemistry was categorized based on ionic ratio 

and conductivity (‘Van Wirdum’) diagrams and pH. Our modelled groundwater head 

differences had a reasonable agreement (61%) with the observed groundwater head 

differences. The percentiles that distinguished between recharge and local 

groundwater discharge vs. regional groundwater discharge sites showed a better 

agreement (68%) with the water chemistry data than the modelled heads alone 

(61%). Additional analyses of four climate change scenarios revealed changes in 

regional groundwater flow patterns, especially in dry and average years, which most 

likely lead to deterioration of current local vegetation hotspots while providing 

suitable habitats elsewhere. With this new model tool we are able to distinguish 

between local and regional groundwater discharge areas and thereby improve our 

capability in identifying suitable areas for groundwater dependent characteristic 

plant communities, also in a future climate. 
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5.1 Introduction 

In many ecosystems, groundwater fluxes shape the abiotic environment. Sites with 

infiltrating fluxes (i.e. recharge areas) are generally more acid, dry and nutrient poor 

to - due to fertilization - nutrient rich, while sites with regional seepage fluxes (i.e. 

groundwater discharge areas) are generally wet, neutral to alkaline and nutrient 

poor to moderately nutrient rich. This is also apparent in the vegetation types 

occupying these sites, where especially the discharge sites harbour characteristic and 

endangered plant species, thereby creating vegetation hotspots (Wassen et al. 1990a, 

McNamara et al. 1992, Klijn and Witte 1999, Lucassen et al. 2006, Marini et al. 2008, 

Kuglerová et al. 2014). Particularly discharge fluxes resulting from regional 

groundwater flow systems create these appropriate conditions, mainly due to high 

content of base cations, reduced iron and bicarbonates. However, discharge fluxes of 

locally recharged groundwater show often more chemical resemblance with fluxes 

from infiltration sites. Hence, distinguishing between local and regional discharge 

sites is essential for successful nature management (Cirkel et al. 2014). These 

differences in groundwater chemistry are, amongst others, due to the residence time 

of the water in the subsurface and the chemical composition of the soil substrata the 

water flows through.  

Climate change and associated changes in the hydrological cycle can disrupt 

regional groundwater flux patterns (Bakker and Bessembinder 2007, Briffa et al. 

2009, Dams et al. 2012, Arnell and Gosling 2013, IPCC 2013, Rajczak et al. 2013, Zolina 

et al. 2013) and may deteriorate vegetation hotspots. To better understand the 

impacts of climate change on regional groundwater fluxes it is thus necessary to 

predict local and regional groundwater discharge patterns. Current models can 

distinguish between these different fluxes by tracing the flow path of a water particle 

through the subsurface. These models are mostly used for locating recharge areas for 

drinking-water production wells (e.g. (Goderniaux et al. 2013, Selle et al. 2013).  Most, 

if not all, of the available groundwater models as used for environmental 

assessments, do not distinguish between local and regional groundwater discharge 

and thereby overestimate suitable groundwater discharge sites for e.g. nature 

development (Johansen et al. 2014). For that purpose, a combination of flow paths 

and information on the chemical composition of the water in the subsurface is 

essential. 

We therefore developed a hydrological modelling approach in which we use 

a novel post-processing procedure to distinguish groundwater discharge fluxes of 
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local and regional origin. With this new tool we can identify: (i) the type of 

groundwater discharge at a discharge cell, (ii) the abundance of deep vs. shallow 

groundwater flux and (iii) the stability of the discharge flux, i.e. seasonal or year-

round groundwater discharge. With this tool, we aim to answer the following 

research questions: (1) can our modelling approach distinguish between local and 

regional groundwater discharge sites and does this distinction coincide with 

observed groundwater discharge chemistry? And (2) are these regional groundwater 

discharge patterns influenced by climate change? 

We answered these questions through the development and application of a 

post-processing module after the ‘traditional’ groundwater simulations. We 

calculated flow paths of water particles which are subsequently linked to subsurface 

data in order to distinguish between local and regional (i.e. chemically enriched and 

thus ecological relevant) groundwater discharge. Multiple flow paths were calculated 

per model cell to make a percentile distribution of these different flow paths. We 

tested model performance and the distribution of water particle depth with field 

data on groundwater heads and water chemistry.  

5.2 Methods  

5.2.1 Hydrological model 

We used a fully coupled groundwater model (IBRAHYM) (Vermeulen et al. 2007) 

with a saturated (MODFLOW) (McDonald and Harbaugh 1988) and an unsaturated 

(MetaSWAP) (van Walsum and Groenendijk 2008) model component. The model 

has a spatial resolution of 25 meter and a temporal resolution of days. The 

hydrogeological schematization was based on the Dutch geohydrological REGIS 

model (TNO-NITG 1998) with a spatial resolution of 100 meter. The physical soil 

properties were based on the Dutch soil map (1:50,000) with 23 soil types. Surface 

level elevation was based on the general elevetation database of the Netherlands 

(AHN, 5 meter resolution) (van der Sande et al. 2010). Precipitation, reference crop 

evapotranspiration, land use and irrigation were used to calculate groundwater 

recharge for the reference situation (Gehrels 1999). The Dutch topographic map 

(1:10,000) and additional data from the regional water board were used to position 

the water courses and drainage levels. The groundwater model has been calibrated 

in previous studies and showed that the modelled phreatic groundwater heads are 

approximately 15 centimetres lower than the observed data. This is mostly caused by 

uncertainties in the input data, such as local outliers in subsurface parameters and 
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inaccurate position and permeability of faults (Vermeulen et al. 2007). The model 

output was used to track the water particles in groundwater discharge areas (Figure 

1). 

We used the post-processing iMODPATH tool (Pollock 1994, Vermeulen 

and Minnema 2015) to distinguish between regional and local discharge. This tool 

tracks a water particle from its point of leaving the groundwater system (a discharge 

point) backwards through the subsurface and can thereby trace its (i) origin, (ii) the 

maximum model layer depth it passed through, (iii) the length of the flow path, and 

(iv) the residence time of the particle in the subsurface. We considered the type of 

substrate the particles flow through as the most important in changing the water 

chemistry. However, a water particle that passed through a deep soil layer will 

generally also have a long(er) flow path and residence time in the subsurface. The 

iMODPATH data were processed by our new POSTMODPATH tool with iMOD 

(Vermeulen and Minnema 2015) which calculated the percentile distribution of the 

water particles. The POSTMODPATH tool thus identified the type of groundwater 

discharge in a discharge cell. Furthermore, it generates an overview of the 

percentage of water particles that go through specific soil layers. Year-round 

groundwater discharge or recharge locations show no variation in percentiles (i.e. all 

particles pass the same layer), while seasonal discharge locations are reflected by 

more variation. These data are not calculated in other groundwater models.  

 

 
Figure 1. Conceptual diagram of the modelling process, consisting of the modelling steps, the 

models and the output per model.  

 

To validate the model output with field data, we ran a reference scenario 

(1980-2010) with observed climatic data. The first year was used as a start-up year for 

the model and was not used in further analyses. We selected the most representative 

year out of the 30 year period for the model comparison to field data. This was done 

based on the correspondence between modelled and measured groundwater tables. 

We used groundwater tables instead of climatic data, to minimize biases due to 
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model inaccuracies which may occur when using climate data instead. We evaluated 

whether the modelled flux type (recharge or discharge) matched the field 

measurements. The model used the head difference between the model layers as 

measure for recharge or discharge. We applied the same method in the field where 

we used the difference between the heads observed in two piezometers at the same 

location with different filter depths as indication of recharge or discharge type (see 

section 2.3).  

We started the iMODPATH tool with approximately 10 starting points per 

piezometer location and calculated backwards (see Appendix A for a sensitivity 

analysis). To incorporate seasonal and interannual variation, we started the trace 

four times per year (28
th

 of January, April, July and October) for the driest, wettest 

and most representative year, out of the 30 year period. We hereby captured all 

variation in groundwater flows, without excessively increasing the computation 

time. We introduced a threshold model layer which corresponded with subsurface 

data that changes water chemistry (see Site description). If a water particle reached 

this model layer (layer 3) we considered it as regional groundwater discharge. We 

traced the particles until they reached this layer, using the 30 year flux data from 

IBRAHYM. The 30-year data was used repeatedly if a water particle was traced 

longer than 30 years. We then calculated the percentile distribution across the 

model layers from all starting points per location. If the starting points in a discharge 

cell did not pass our threshold model layer, the discharge cell was reclassified as a 

recharge cell (or local discharge cell), based on the expected chemical differences. 

The percentiles were thus used to refine the discharge vs. recharge distinction (in 

addition to head differences used in the standard model output).  

5.2.2 Site description 

We evaluated the model in the stream valley catchment of the Tungelroyse Beek (157 

km
2
) in the Netherlands (Fig. 2). The land use in our case study consists of 

agriculture (ca. 67 %, including grasslands), urban area (ca.16%), nature areas 

(ca.16%) and open water (ca.1%). The area has been extensively drained in the past 

for agricultural activities (Straatman and Luijendijk 2002). The mean annual 

precipitation ranges from 750 to 775 mm, for the period 1981to 2010, distributed 

evenly over the year. Mean annual temperature is 10°C with the mean highest 

temperature in July (18°C) and the lowest in January (3°C) (KNMI 2011).  

The geology of the area is characterised as a cover-sand landscape created 

during the Holocene (Appendix B). Subsurface strata that were calcium-rich and had 
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relatively high iron concentrations were considered as ecological relevant strata. One 

layer came close to this description; the formation of Sterksel, which is calcium-rich 

to calcium-poor and has reddish components due to the precipitation of iron-

hydroxides (TNO-NITG 2013). When a water particle passed through this layer, we 

considered it as an ecologically relevant groundwater discharge particle and thus as 

regional groundwater discharge.  

 
Figure 2. The location of our case study catchment. The middle panel shows the soil surface in 

meters above sea level (legend on the right). The black dots are the piezometer locations. The 

dashed line indicates the cross section of the catchment, which is shown in the lower panel. 

The different subsurface strata are indicated by yellow (sandy layers) and brown (clay layers). 

The Formation of Sterksel is indicated in red. 
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5.2.3 Sampling method and field set-up 

We installed piezometers at 29 locations in our case study area, both recharge and 

discharge locations, based on explorative dynamic model runs. At most locations 

(24) we installed two piezometers at different depths to distinguish between water 

chemistry in winter and summer situations, since the water column over which we 

did our measurements would be different between summer and winter. The specific 

depth of both piezometers depended on the local conditions and was approximately 

40 centimetres below the modelled mean highest and lowest groundwater table per 

location. The difference between the observed heads of the two piezometers was 

used to identify the locations as discharge or recharge locations. At locations where 

we expected little variation in yearly groundwater tables, we installed one 

piezometer. We also installed deep piezometers (reference piezometers) in the 1
st
 

aquifer as groundwater reference points. The depth of these piezometers depended 

on local subsurface conditions. Since the groundwater chemistry differs among 

locations we installed six reference piezometers distributed throughout the 

catchment.  

We measured groundwater tables and took water samples at every 

piezometer every four weeks, from October 2012 until September 2013. Rainwater 

chemistry was also measured to identify the rainwater reference point. We therefore 

installed three rainwater collectors throughout the catchment. Only samples that 

had not been contaminated with algae were used for analysis. Water chemistry of 

any occasional rain shower was also measured if it coincided with our sampling 

design. We measured water pH, electric conductivity (EC), and calcium and chloride 

concentrations. Samples were collected and kept cool, while pH and EC were 

measured in the field with a pH electrode (SenTix 41, WTW Multiline P4) and a 

standard conductivity cell (TetraCon 325, WTW Multiline P4). Calcium and chloride 

were measured in the lab afterwards. Samples were frozen until further analysis. 

Chloride concentration was measured with the MK II Chloride Analyzer 926 

(Sherwood Scientific Ltd., Cambridge, UK). Each sample was measured three times 

and averaged. We filtered all samples with glass microfiber filters (Whatman
TM

) 

before measuring the calcium concentrations. The samples for the calcium analysis 

were first treated with Lanthanum nitrate (LaNO3) to release any phosphate bound 

to calcium. Samples were then analysed on an Atomic Absorption 

Spectrophotometer (AAS, PerkinElmer AAnalyst 100). 

We used Van Wirdum diagrams to distinguish between rainwater and 

groundwater (Van Wirdum 1990). These diagrams attribute water samples to one of 
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the following water types: (i) rainwater, (ii) groundwater or (iii) sea water. The 

classification is based on the EC, and the calcium and chloride concentrations of the 

water samples (the ion ratio). We removed water samples that lay outside the Van 

Wirdum diagram, which was originally developed for unpolluted, oligotrophic 

ecosystems.  

For the remaining samples we calculated the relative distance, based on the 

Euclidean distance (calculated in R (R Core Team 2012)), of a water sample to the 

rainwater and groundwater reference points as an indication of the water type. Since 

our case study is not in a coastal area, we did not calculate the relative distance to 

the sea water reference point. We used these relative distances as groundwater 

dissimilarity indices (GDI). The lower the GDI, the higher the resemblance with 

groundwater. We used the GDIs to divide our samples into recharge and discharge 

classes. It is however not clear what the GDI threshold for recharge or discharge 

samples should be. To test the sensitivity of the model output to these thresholds, 

we have applied different threshold values at 0.1 intervals. Furthermore, we tested 

whether the average GDI of the water samples was significantly different between 

the recharge and discharge groups, based on the model output and used these 

average GDI’s as default threshold value. Because seasonal groundwater discharge 

sites are not easily distinguished within such classification, we also applied a division 

of the samples into three groups (discharge, seasonal and recharge) and used 

different threshold boundaries between the groups. The default threshold values 

were based on the average GDI’s of the discharge and recharge samples, where all 

samples with a lower GDI than the average discharge GDI were classified as 

discharge, all samples with a higher GDI than the average recharge GDI were 

classified as recharge and all remaining samples were classified as seasonal.  

5.2.4 Validation and statistical analysis 

The modelled flux type (recharge or discharge) was compared with the observed flux 

type in the field. Since we compare point locations in the field with model output on 

a 25m resolution, the match between field and model results can a priori not be 

perfect due to scaling and schematization artefacts. It is therefore reasonable to 

assume a model to field match if a neighbouring cell captures the patterns we see in 

the field, especially when the piezometers are close to cell boundaries. The 

percentile distribution was compared with the GDI. This indicated whether the 

percentile output (POSTMODPATH tool) is a better predictor of chemically 
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enriched regional groundwater discharge than the standard model output based on 

head differences alone (MODFLOW-MetaSWAP). 

The recharge and discharge groups, based on model output, were evaluated 

on pH and GDI differences. We did the same for the recharge, discharge and 

seasonal group classification. We also tested pH and GDI differences between the 

recharge and discharge groups, based on measured head differences in the field. 

Samples were also evaluated on pH differences based on the GDI classification. All 

comparisons between two groups were evaluated with a Mann-Whitney U-test and 

the comparisons between three groups were evaluated with a Kruskal-Wallis test. 

We used non-parametric tests due to the data distribution. All analyses were 

performed in R (R Core Team 2012). 

5.2.5 Climate change sensitivity 

We ran four climate change scenarios for the year 2050 (compared to 1990) to test 

the sensitivity of our model output to climatic changes. These scenarios were based 

on IPCC scenarios (IPCC 2007) and were developed for the Netherlands by the Royal 

Netherlands Meteorological Institute (KNMI) (van den Hurk et al. 2006). The four 

scenarios differ in the temperature increase and changes in precipitation patterns 

(Table 1). Two of these scenarios represent a 1
o
C increase (G and G+), the other two a 

2
o
C increase (W and W+). Two scenarios represent an increase of winter 

precipitation and a decrease of summer precipitation (G+ and W+), while the other 

two represent no changes in seasonal precipitation (G and W). In our model 

simulations, the groundwater recharge increased in the G (+6%) and W (+12%) 

scenarios and decreased in the G+ (-6%) and W+ (-10%) scenarios. All scenarios were 

run for 30 years. 

We selected the driest, wettest and average year of the 30 year climate 

simulation for the flow path analysis and started the trace in winter for the wettest 

year (January 28
th

) and in summer for the driest and average year (July 28
th

). Starting 

points were placed every 5 meters in discharge cells and were traced backwards. We 

applied a quasi-steady-state approach to keep computation time manageable. The 

water particles were traced in the groundwater conditions for the wettest, driest and 

average year. This is a simplification of the approach used in the validation. We are 

confident that by using the two most extreme years and an average year, we 

captured the variation in flow path response to climate change. 
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Table 1. Climate change parameters. All values are changes compared to the reference 

scenario. Temp. refers to the global temperature increase. Prec. stands for precipitation and 

has been shown for winter and summer situations. Summer evap. refers to the evaporation in 

summer. 

Scenario 

Temp. 

(global) 

Prec. 

winter 

Prec. 

summer 

Summer 

evap. 

G + 1°C + 4% + 3% + 3% 

G+ + 1°C + 7% - 10% + 8% 

W + 2°C + 7% + 6% + 7% 

W+ + 2°C + 14% - 19% + 15% 

5.3 Results 

5.3.1 Field observations of local and regional groundwater discharge 

Based on the measured head differences at 24 locations, three locations were 

identified as year-round discharge locations and nine locations as year-round 

infiltration locations. The remaining twelve locations varied across the year. At six of 

these locations, there was more often discharge than recharge. At five locations it 

was the other way around and at one location the temporal variation between 

recharge and discharge was equal (Table 2).  

The water chemistry varied strongly between sites and throughout the year. 

Only distinct groundwater discharge locations showed little variation. The Van 

Wirdum diagrams identified groundwater discharge and recharge sites of which 

three representative cases are shown (Figure 3, the others are in Appendix C). Of 

these cases, two locations at Areven clearly showed the occurrence of discharge sites 

that include a rainwater lens. The two deep piezometers had a high resemblance 

with the groundwater reference sample, while the shallow piezometers showed more 

rainwater influence, hence the presence of a rainwater lens. There was more 

variation at Keversbroek, where the shallow and deep piezometers at KB1 showed 

both a high groundwater resemblance, making it a groundwater discharge location. 

KB2 is also groundwater-like, although less than KB1, and it also varied more 

throughout the season. At KB3 there was more variation in water chemistry 

throughout the year and especially the shallow piezometer resembled rainwater 

more than groundwater, making it a recharge location. The two sites at the 

Tungelerwallen are recharge sites. The shallow and deep piezometer at TW1 have a 
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similar GDI pattern which varies greatly throughout the year and resemble mostly 

rainwater. TW2 showed more groundwater influences but was still more rainwater-

like (based on EC values). 

  

Location Infiltration (%) GDI 

AV1 0 0.24 

AV2 100 0.26 

EB 33 0.28 

KD1 17 0.43 

KD2 33 0.27 

KD3 100 0.24 

KB1 29 0.12 

KB2 100 0.22 

KB3 100 0.47 

KM1 100 0.28 

KM2 100 0.58 

KM3 100 0.31 

KG2 0 0.23 

KG3 60 0.42 

KP 71 0.61 

LG1 75 NA 

LG2 100 0.39 

LB1 0 0.47 

LB2 100 0.50 

LD1 NA 0.41 

LD2 57 0.66 

LD3 NA 0.69 

LD4 NA 0.56 

LD5 NA 0.71 

TW1 75 0.82 

TW2 NA 0.71 

WB1 40 0.37 

WB2 33 0.26 

WB3 50 0.26 

 

Table 2. Observed groundwater head differences 

and GDI’s per location. The observed head 

differences were used to indicate the percentage 

of infiltration (Infiltration (%)) throughout the 

year. Year-round infiltration is indicated by 

100%, while year-round discharge is indicated by 

0%, etcetera. NAs indicate locations with only 

one piezometer. The GDI shows the average 

relative distance of the water sample to the 

reference groundwater sample. One location was 

excluded from our dataset for further analysis, 

indicated by NA. The locations are shown in 

figure 2. 
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Figure 3. Van Wirdum diagrams of three locations in the nature areas where we installed deep 

and shallow piezometers. The nature areas are from left to right: Areven, Keversbroek and 

Tungelerwallen. The y-axis represents the ionic ratio (IR) in percentages and the x-axis (log-

scale) represents the electric conductivity (mS/m). The three corners of the Van Wirdum 

diagrams are indicated by At (rainwater), Li (groundwater reference samples) and Th (sea 

water, standardized data). Because the reference groundwater chemistry differs between 

reference locations, the location of Li on the graphs differs as well. The dark red, green and 

blue colours indicate the deep piezometers (_d in the legend), the light red, green and purple 

indicate the shallow piezometers (_s in the legend). One colour pair (e.g. light and dark red) 

represents one piezometer location. 

 

The temporal variation in GDI was quite large at some locations (Figure 4). 

When the groundwater recharge started (in autumn), the resemblance was closest to 

rainwater at most locations while resemblance to groundwater was most strong in 

summer. The similarity between discharge and recharge groupings based on 

observed head differences and on water chemistry was low, as indicated by the lack 

of clear difference in variation in GDI between the discharge (Fig. 4A) and recharge 

groups (Fig. 4B). Indeed, neither pH (p=0.28) nor GDI (p=0.34) was significantly 

different between the recharge and discharge groups. The addition of seasonal 

differences did not lead to significant differences in pH (p=0.80) and GDI (p=0.49).  

Model validation (see Model Validation) showed that GDI≤0.37 and 

GDI>0.37 best describe discharge and recharge conditions, respectively. Water pH 

differed significantly between the two groups (p<0.001) and was lower for recharge 

samples (average pH of 5.8) than for discharge samples (average pH of 6.8) (Fig. 5). 

The pH was also significantly different (p<0.001) between the three groups 

(discharge GDI≤0.30; seasonal 0.30>GDI≤0.47 and recharge GDI>0.47). Discharge 
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samples still had the highest average pH (6.8±0.4), followed by the seasonal (pH 

6.5±0.4) and recharge samples (pH 5.6±0.5). 

 

 
Figure 4. The temporal variation in GDI of the water samples. On the x-axis are the different 

locations (see figure 2 for their exact location). Panel A depicts the locations classified as 

discharge, based on the observed heads and Panel B the recharge locations. The locations with 

one piezometer are not shown.  

5.3.2 Model performance 

There was a clear difference between flow paths at recharge and discharge sites, and 

between local and regional discharge sites (Figure 6). At recharge locations, the flow 

paths moved upwards from the groundwater table (Fig. 6A), indicating that the 

water particles came from above (infiltration). At discharge locations, the flow paths 

moved downwards, indicating an upwards movement of the water particles. The 

flow paths at regional discharge sites went deeper and were longer (Fig. 6B) than 

flow paths from local discharge sites (Fig. 6C). Most flow paths were very stable 
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throughout the years and seasons. We therefore consider it reasonable to compare 

our field data from 2012-2013 with other modelled years.  

 

5.3.3 Model validation 

The modelled flux of the most representative year was compared to the classification 

based on observed heads differences. In 61% of the cases there was a match between 

the modelled output and field data (Appendix D): at 14 out of 23 locations, the model 

calculated the right flux (discharge or recharge). The recharge sites were mostly 

modelled correctly (8, Table 3), whereas only half of the discharge locations were 

modelled correctly (5). However, there were five sites (or model cells) that were 

modelled incorrectly, where the piezometer was relatively close to the cell boundary. 

The flux in the neighbouring cell did correspond to the flux we measured in the 

field, increasing the match to 83% (19 out of 23 locations; Table 3).  

The GDI was significantly different between the modelled discharge and 

recharge groups, based on head differences (p=0.01), with an on average lower GDI 

for the discharge group (GDI 0.31), than for the recharge group (GDI 0.47). In the 

classification based on percentiles, the GDI was also significantly different between 

recharge and discharge types (p=0.02). The discharge GDI was on average lower 

(0.29) than the recharge GDI (0.46). The average GDI of the recharge and discharge 

groups was used to divide the samples into a recharge and discharge group for 

model comparison. All samples with a GDI≤0.37 were placed in the discharge group, 

samples with GDI>0.37 were placed in the recharge group. These averages were also 

Figure 5. pH-EC diagram of all samples. 

The pH is shown on the y-axis and EC on 

the x-axis. All samples with GDI≤0.37 

(discharge) are indicated in black and 

samples with GDI>0.37 (recharge) are 

indicated in white.  
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used for the three group classification with discharge GDI ≤0.30, seasonal 

0.30>GDI≤0.47 and recharge GDI>0.47. 

 

 
Figure 6. Representative flow paths at a recharge, a regional discharge and a local discharge 

location. The two blue planes indicate the top and bottom of the first model layer, the purple 

planes the top and bottom of the second model layer, and the red plane indicates the third 

model layer, which is the threshold layer. The colours of the flow paths indicate the age of the 

water particles (legend on the right, in years). The depth of the flow path is in meter above sea 

level (m.a.s.l.) and is shown on the y-axis. The x-axis is the distance over which the flow paths 

move, but since it is not relevant for these examples we did not add the actual values. At the 

recharge location (panel A, location LB2), the flow paths indicate a downwards movement of 

the water particles and thus infiltration. The middle panel (B, location KD2) shows the flow 

path of water particles at a regional discharge location. At WB2 (panel C), there is 

groundwater discharge, but the flow paths do not go deeper than the second layer.  

 

Table 3. Overview of the number of correctly (in bold) and incorrectly modelled sites. Re-

analysis when accounting for situations in which neighbouring cells had been predicted 

correctly is provided in italics.  

 

Field 

Discharge 

Field 

Recharge 

Model Discharge 5 5 

Model Recharge 5 8 

Model Discharge 7 4 

Model Recharge 3 9 

 

Model performance of the percentiles was evaluated based on the GDI 

classification. The percentiles modelled 68% of the locations correct, while also here 

the head differences modelled 61% of the locations correct.  
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The GDI threshold sensitivity analysis showed that in the two group 

classification, the percentiles achieved the highest number of correctly modelled 

sites (22 sites, 79% match). The best model performance for the classification with 

three groups was based on the head differences and was 64% (Appendix E).  

5.3.4 Climate sensitivity analysis 

On a catchment scale, the mean lowest groundwater table hardly changed in the 

climate simulations (Table 4). The biggest changes occurred for the driest (W+) 

scenario (average decrease of 8 cm, 1
st
 and 99

th
 percentiles were -0.5 cm and -22 cm, 

respectively). The other changes were minor (on average -5 cm for G+ and +1 cm for 

both the G and W). The mean highest groundwater table changed the most for the 

wettest (W) scenario with an average increase of 7 cm (1
st
 and 99

th
 percentiles of +16 

and 0 cm, respectively). There were negligible changes for the other scenarios (on 

average +3, 0 and 0 cm for G, G+ and W+, respectively). The groundwater discharge 

fluxes per cell increased on average on a catchment scale with 0.16 mm day
-1
 (+4.6%) 

in G and with 0.23 mm day
-1
 (+6.4%) for W. The discharge fluxes decreased with 0.51 

mm day
-1 

(-14.4%) in G+ and with -0.78 mm day
-1
 (-22%) in W+ (Table 4). The total 

groundwater discharge area however decreased in both G and W by 2% and 

increased in G+ and W+ (with +14% and +24% respectively), implying a reduction of 

discharge areas under the wet scenarios and an increase of discharge areas under the 

dry scenarios.  

 

Table 4. The average changes in mean highest and lowest groundwater levels (MHGL and 

MLGL, respectively), groundwater discharge flux (Flux) and groundwater discharge area 

(Area) in the climate change scenarios, on a catchment scale. For both the highest and lowest 

groundwater tables, the mean and the 1
st

 and 99
th

 percentiles are shown. All changes are in cm 

compared to the reference scenario.  

  MHGL MLGL Flux Area 

Scenario mean 1
st
 99

th
 mean 1

st
 99

th
 mm day

-1
 % change 

G 3 9 0 1 4 -1 0.16 -2 

G+ 0 1 -7 -5 0 -12 -0.51 14 

W 7 16 0 1 7 -2 0.23 -2 

W+ 0 3 -12 -8 -1 -22 -0.78 24 

 

There were only minor changes in the average discharge type on a 

catchment scale. There were however large spatial differences. In an average year, 
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the two scenarios with a year-round increase in precipitation (G and W), showed an 

increase in maximum depth of the discharge flux compared to the reference 

scenario. Water particles at discharge locations thus originate, on average, from 

deeper model layers than in the reference scenario. All changes were bigger in the W 

scenario than in the G scenario. The maximum depth also increased in the G+ and 

W+ scenarios. The changes were bigger than in the G and W scenarios, both in terms 

of maximum change (positive or negative) and the number of cells affected. In a dry 

year, the maximum depth decreased at most locations in G and W, although there 

were some locations where the maximum depth increased. Again, the changes were 

bigger in W than in G. In the G+ scenario the maximum depth mostly increased, 

while in W+ the maximum depth increased at some locations and decreased at 

others (Fig. 7). In a wet year, for all scenarios, there were hardly any changes in 

maximum depth of water particles. 

5.4 Discussion 

5.4.1 On distinguishing regional groundwater discharge 

With our new approach we could successfully distinguish recharge and local 

discharge sites vs. regional discharge sites, which coincided in 68% of the locations 

with water chemistry data (GDI) in the field. The new model tool that included the 

percentile distribution predicted field patterns better than modelled head 

differences alone. Our climate change analysis showed that the regional 

groundwater discharge flux decreases or disappears at some locations, while it 

increases at other locations.  

Coinciding with the modelling results, the field observations indicate that 

water chemistry characteristics are essential to distinguish between local and 

regional groundwater discharge sites, since the observed groundwater flux did not 

coincide with water chemistry. Hence, pH was significantly different between 

recharge and discharge sites when the classification was based on the GDI, but both 

pH and GDI did no differ between water types when the classification was based on 

the observed head differences. This indicates that the groundwater flux alone is not 

sufficient in determining suitable sites for vegetation hotspots and that water 

chemistry needs to be taken into account.  
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Figure 7. Depth of water particles in groundwater discharge cells in a dry year (50

th
 percentile). The top figure is the reference scenario. 

The other figures are changes in maximum model layer depth compared to the reference scenario. The G and G+ scenarios are shown 

on the left and the W and W+ scenarios on the right. The legend on the top left belongs to the Reference scenario and displays the 

model layer. The legend on the top right displays the changes in model layer in the climate scenarios. Negative numbers indicate more 

shallow flows, while the positive numbers indicate an increase in flow depth. The black dots are the piezometer locations.  
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Our results contrast to previous studies where chemical characteristics such 

as soil alkalinity were found to be related to groundwater discharge flux (Batelaan et 

al. 2003) and were higher at regional groundwater discharge locations than at local 

locations (Tweed et al. 2005). However, these studies did not measure pH directly 

(Batelaan et al. 2003) or the subsurface was very different from our catchment 

(Tweed et al. 2005), indicating that the type of data collected and the regional 

subsurface properties obviously determine these patterns. 

5.4.2 Towards further understanding of regional discharge patterns  

The success of the new modelling tool depends on two factors: (i) the GDI threshold 

that distinguishes between recharge and discharge samples and (ii) the model 

threshold layer used as indication of regional (i.e. ecological relevant) groundwater 

discharge. These factors should be carefully considered when applying this method 

to other catchments. 

  Our sensitivity analysis on the GDI threshold indicated that model 

performance improved with lowering the GDI threshold. This suggests that a strong 

groundwater fingerprint is needed to chemically behave as a discharge site. This 

stresses the exclusiveness of year-round groundwater discharge sites, with a low 

GDI, in terms of their chemical behaviour and importance to vegetation hot spots. 

The new model tool is capable of identifying groundwater discharge sites that 

substantially lower the GDI at those sites. The GDI threshold will however differ 

between catchments, depending on the geomorphological settings. Further 

evaluation in close collaboration with local and regional site managers is therefore 

needed, together with knowledge of the local and regional subsurface properties, to 

further improve the general applicability of our tool. 

The success of the model tool also depends on the selection of the right 

model layer threshold. Although the chemical properties of the geological 

formations were heterogeneous, they were nevertheless suitable for our purpose. 

The lack of significant pH differences between recharge and discharge sites, based 

on the modelled data, indicate that the subsurface heterogeneity may have played a 

role. However, the GDI was significantly different between recharge and discharge 

sites, based on model data. The GDI is composed of multiple chemical parameters, 

which may imply that it is the combination of different chemical parameters that 

increases the differentiation between recharge and discharge sites, which has been 

underlined by previous research (Klijn and Witte 1999, Batelaan et al. 2003), despite 
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the heterogeneous subsurface geology. A more precise geological characterization in 

terms of the mineralogy may further improve this situation. 

 Besides the improvements of the new model tool, also the groundwater 

model itself has shown an important improvement issue; the model resolution. The 

model performance improved when neighbouring cells of cells with piezometers 

close to the cell border were used to determine the model success. This indicates 

that the model resolution determines the model performance. However, increasing 

the model resolution for an entire catchment increases computation times 

tremendously. An alternative option would be to model the areas with groundwater 

discharge in a higher resolution, since especially these sites were modelled incorrect 

(Table 3). This would require a new round of simulations in which only the 

groundwater discharge sites (of interest) are modelled. 

5.4.3 Sensitivity of regional groundwater discharge to climate change 

Our results indicated that groundwater discharge fluxes change upon climate 

change, especially in dry scenarios with seasonal precipitation changes (G+ and W+). 

This implies that especially dry seasons or years will affect regional groundwater 

discharge fluxes and thus change the suitability for vegetation hotspots at such sites. 

Previous research has shown variable results from no or small effects of climate 

change on groundwater discharge (Combalicer et al. 2010, Engdahl and Maxwell 

2015) to larger effects. These include a decrease of groundwater discharge due to 

decreased recharge (Guardiola-Albert and Jackson 2011, Dams et al. 2012) and more 

local but deeper groundwater flow paths with more recharge and to longer, more 

horizontal flow paths under less recharge (Goderniaux et al. 2013). In our results, the 

maximum depth of the water particles increased, especially in the W (wet), G+ (dry) 

and W+ (dry) scenarios, which is partly contradictory to Goderniaux et al’s results. 

This can however be due to the increased precipitation amounts in winter in the dry 

scenarios, which can increase the regional discharge fluxes in summer. The seasonal 

variation in our scenarios may therefore be responsible for these different effects.  

Our results also indicate that sites that currently do not receive deep 

groundwater fluxes, may do so in a future climate. This means that biodiversity may 

decrease at a local scale, but not necessarily at a regional scale if the deterioration of 

biodiversity at one site is compensated by an increase of biodiversity at another site. 

The new model tool provides insights in these changing patterns and can thus be 

used to produce a habitat suitability map for regional landscape managers. However, 

next to changes in regional groundwater discharge patterns, one should also 
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consider the changes in groundwater tables. Hence, if the regional groundwater flux 

increases, but it cannot reach the root zone due to lower groundwater tables, then 

its influence on the vegetation will be minor, reducing the suitability for vegetation 

hotspots.  

5.5 Conclusions 

Our new model tool successfully differentiated between local and regional 

groundwater discharge sites and indicated the importance of using water chemistry 

for this distinction. It is essential to consider the local and regional subsurface 

conditions in order to implement the tool successfully elsewhere. Furthermore, we 

have shown that the groundwater fluxes are susceptible to climate change, which 

may lead to local deterioration of rare plant communities, while enhancing site 

conditions for these communities elsewhere.  
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Appendix A: Flow path sensitivity analysis  

Before starting the flow path calculations we conducted a pilot study to evaluate the 

effects of the model resolution and the depth of the start points on the flow path 

outcome. Lowering the model resolution reduces the computational time severely. 

We therefore evaluated here if it is acceptable to do so by testing this in a small 

study area. 

Flow paths have been modelled on different scales (5m, 25m and 100m 

resolution). Upscaling of the grid size leads to an overestimation of the depth of the 

water particles for certain percentiles. For example, in a certain model cell, the 1
st
 

until 30
th

 percentile of water particles at a 5m resolution reaches the fifth model 

layer, percentiles 31 to 80 reach the fourth layer and the remainder the third. In the 

same cell at a 25m resolution, the likeliness of water particles that reach the fifth 

layer increases, from the 1
st

 to e.g. the 50
th

 percentile, etcetera. The results did not 

lead to substantial overestimations, particularly the percentile distribution changed, 

making it more likely for more percentiles to reach a deeper model layer. This was 

however especially the case for the 100m resolution, the differences between the 5m 

and 25m resolution were smaller. We therefore think it is acceptable to use a 25m 

resolution to model the flow paths and calculate the percentile distribution.  

We also tested the depth of where to start the flow paths, since this may 

influence the depth of the water particle. Particles should always start below the 

groundwater table. We tested the mean lowest and mean highest groundwater table 

as starting depth. The differences in output were minor and were confined to the 

first percentile. To ensure that the water particles start below the groundwater table, 

we have started them at the level of the mean lowest groundwater table of that 

specific scenario.  
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Appendix B. Geological subsurface of the Tungelroyse Beek 
catchment 

As indicated in the main text, the geology of the area is characterised as a cover-sand 

landscape created during the Holocene. Beneath the top layer are sandy layers, 

alternated with clay layers, with varying properties. Beneath the Holocene deposits 

are the Middle- and Late-Pleistocene sediments, consisting of fine to coarse material 

sand and silt material (105– 300 µm). The layers contain peat and are calcareous poor 

to calcareous rich. The layer is several meters thick (Formation of Boxtel). Below 

these sediments are calcareous poor to calcareous rich deposits from the Early- to 

Middle-Pleistocene (Formation of Sterksel). The formation contains occasional iron 

precipitates and is distinguished from the upper Pleistocene sediments by an 

increasing amount of calcareous material and an increase in grain size (210– 2000 

µm). This layer is about 20-30 meters thick. The central part of the catchment is 

however characterized by calcareous poor material and contains less to no traces of 

iron precipitates. These layers are approximately 20-30 meters thick (Formation of 

Beegden). In the Early Pleistocene a calcareous poor sediment layer (grain size: 63– 

420 µm) of approximately 50 – 100 meters thick was deposited below the Formations 

of Sterksel and Beegden (Formation of Stramproy). The Formation of Stramproy lays 

on top of a sand layer (105 - 2000 µm) which contains no to small amounts of 

calcium (Kiezoloöliet Formation). The top of these deposits are about 100 meter 

below the soil surface and the deposits themselves are several hundreds of meters 

thick (TNO-NITG 2013). The patterns of the geological layers is shown in Figure 2 in 

the main text.  
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Appendix C. Van Wirdum diagrams of the field locations 

The remaining Van Wirdum diagrams are shown here, per nature area (Figure C1). 

Kruispeel has a distinctive groundwater reference sample with an extremely low IR. 

This is due to the local groundwater conditions. The shallow and deep piezometers 

show a similar pattern and are both more rainwater alike than groundwater. It is 

however peculiar that the IR of the samples is higher than the reference 

groundwater. This is due to the higher amounts of calcium in the water samples 

than in the groundwater reference sample; this increases the IR.  

There is a clear distinction in EC between the three locations at 

Keversbroek-Mildert. KM1 is in terms of EC the most groundwater alike of the three 

locations, although there is large variation in IR. There is no clear distinction 

between the shallow and deep piezometer. KM3 is more clustered than KM1 but has 

a relatively high IC and IR. It is however more similar to groundwater than to 

rainwater. Finally, at KM2 there is a clear rainwater lens. Also here there is large 

variation in IR. The water samples at KM2 are more rainwater than groundwater 

alike. 

At Kettingdijk there is a clear groundwater discharge location which is KD3. 

Both the deep and shallow piezometer are very groundwater alike. KD1 has more 

rainwater properties, especially the shallow piezometer. At KD2 there is a clear 

influence of local or topsoil effects, since the deep piezometer is groundwater alike, 

while the shallow one is not. However, the shallow piezometer does not resemble 

rainwater; instead it has a very high IR, which is probably due to the local topsoil 

conditions. 

Laurabossen has the same peculiar groundwater reference sample that 

Kruispeel has. Both locations have a higher IR than the groundwater reference 

sample and are therefore more rainwater alike. The EC values however are more 

similar to the groundwater sample. At LB1 there is a clear difference in IR between 

the shallow and deep piezometer, while at LB2 there is a clear distinction in EC 

between the shallow and deep piezometer. We think that this is due to the local soil 

conditions, but since we did not take soil samples, this is purely speculative. 

At Leudal the locations are scattered throughout the Van Wirdum diagram. 

LD1 resembles groundwater the most out of the five locations. LD4 is in terms of IR 

more groundwater alike, the other three locations are in between the two water 

types. The EC of all four locations resembles rainwater more than groundwater. LD2 
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is the only location with two piezometers, where the shallow one has a more 

rainwater similar EC than the deeper one.  

The water chemistry in the deep piezometer at Ellburg is dominated by the 

discharge type. The two shallow samples have a higher EC, which is probably due to 

the relatively high amount of nutrients at that location. This was also visible in the 

vegetation present which consisted of poplar trees with a dense understory of 

brambles. We did not identify the vegetation at species level, but bramble 

(regardless of exact species) is in the Netherlands an indicator of nutrient rich soils.  

Krang 2 is a clear groundwater discharge location. Both the shallow and 

deep piezometer have a high groundwater resemblance, although there is quite 

some variation in the IR. Krang 3 is more rainwater alike than Krang 2, but it still 

resembles groundwater more than rainwater.  

At Laagbroek we deleted one location because there was a clear influence of 

nutrient status that disrupted the interpretation of the graph. The remaining 

location LG2 shows high variation in the IR. However, throughout most of the year 

the samples resemble rainwater more than groundwater. The one shallow sample is 

in terms of IR more rainwater alike, but it has a high EC. This can be due to a 

relatively nutrient rich topsoil layer. 

The water chemistry of the three locations at Wijffelterbroek are, despite 

their variation, partly overlapping. All deep piezometers however are quite similar to 

the groundwater reference samples, which indicates groundwater dominated sites 

but with some rainwater influences. For example, WB1 shows influence of a 

rainwater lens through its variation in the IR. The shallow piezometer at WB2 has 

besides a lower IR also a higher EC, which indicates the presence of a rainwater lens 

on top of the groundwater discharge. Finally, the water chemistry of the shallow 

piezometer at WB3 shows the same type of variation as the deep piezometer. This 

indicates that this is a groundwater discharge location, although the high variation 

in water chemistry is not typical for stable discharge locations.  

Overall, the Van Wirdum diagrams indicate a number of distinctive 

discharge locations (Kettingdijk 3, Krang 2, Wijffelterbroek 2) with or without the 

presence of a rainwater lens.  
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Figure C1. Van Wirdum diagrams of the remaining field locations. The y-axis represents the 

ionic ratio (IR) in percentages, the electric conductivity (mS/m) is on the x-axis (log-scale). 

The three corners of the Van Wirdum diagrams are indicated by At (rainwater), Li 

(groundwater reference samples) and Th (sea water, standardized data). Because the reference 

groundwater chemistry differs between reference locations, the location of Li on the graphs 

differs as well. The dark red, green and blue colours indicate the deep piezometers (_d in the 

legend), the light red, green and purple indicate the shallow piezometers (_s in the legend). 

One colour pair (e.g. light and dark red) represents one piezometer location.  
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Appendix D. Spatial overview of the match between field and 
model data 

The spatial map of the number of modelled matches and mismatches, based on head 

differences, does not provide additional data about any patterning related to the 

matches (Fig. D1). Locations that were modelled incorrect were both recharge and 

discharge locations, have no common groundwater table depth, are close and further 

away from the stream and are evenly spread throughout the catchment. It is 

therefore not clear why these locations were not modelled correctly. 

 

 
Figure D1. Spatial overview of the locations that do and do not match with the field data. The 

green dots indicate locations that were modelled correctly by the model and the red dots 

indicate locations that were not modelled correctly. Black dots are locations with one 

piezometer and could therefore not be used to identify the type of flux (recharge or 

discharge). The map itself is the average groundwater flux of the most representative year in 

mm per day (legend on the right).  
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Appendix E. GDI sensitivity analysis 

We have used different GDI threshold boundaries to distinguish between the 

different water types, and evaluated the model performance based on these 

boundaries. We have applied the two group (recharge vs. discharge) and three group 

(recharge vs. discharge vs. seasonal) classification. In the two group classification we 

have moved the threshold by 0.1 GDI. The best model performance was for the 

percentiles, for the lowest GDI boundary (Table E1). The GDI and pH of the water 

samples was significantly different for almost all threshold boundaries between the 

water types (Mann-Whitney U-test, Table E2). 

 

Table E1. Overview of the model performance (heads and percentiles) for different GDI 

threshold boundaries. Threshold indicates the GDI boundary, where all samples below and 

equal to the boundary value are considered discharge, all others recharge. Match? indicates 

whether the locations were modelled correct or not, for head differences (Heads) and 

Percentiles. The Match (%) indicates the model performance per threshold boundary. 

Threshold Match? Heads Match (%) Percentiles Match (%) 

GDI_0.1 Yes 18 64 22 79 

 

No 10 

 

6 

 GDI_0.2 Yes 19 68 21 75 

 

No 9 

 

7 

 GDI_0.3 Yes 19 68 19 68 

 

No 9 

 

9 

 GDI_0.4 Yes 16 57 18 64 

 

No 12 

 

10 

 GDI_0.5 Yes 15 54 15 54 

 

No 13 

 

13 

 GDI_0.6 Yes 12 43 12 43 

 

No 16 

 

16 

 GDI_0.7 Yes 11 39 9 32 

 

No 17 

 

19 

 GDI_0.8 Yes 11 39 7 25 

 

No 17 

 

21 

 GDI_0.9 Yes 10 36 6 21 

  No 18 

 

22 
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Table E2. Overview of the significant differences between the recharge and discharge samples, 

with different threshold boundaries. The threshold is provided in the first column, followed 

by the number of discharge and recharge samples (Number), the average GDI for that group, 

the significant difference in GDI (p_GDI), the average pH and the significant difference in pH 

(p_pH). Significant differences are indicated with an asterisk (*). 

Threshold   Number GDI p_GDI pH p_pH 

GDI_0.1 discharge 0 NA NA NA NA 

 

recharge 28 0.42 

 

6 

 GDI_0.2 discharge 1 0.12 0.071 7.2 0.214 

 

recharge 27 0.43 

 

6.3 

 GDI_0.3 discharge 11 0.24 <0.001* 6.8 <0.001* 

 

recharge 17 0.54 

 

5.9 

 GDI_0.4 discharge 14 0.27 <0.001* 6.8 <0.001* 

 

recharge 14 0.57 

 

5.8 

 GDI_0.5 discharge 19 0.31 <0.001* 6.4 <0.001* 

 

recharge 9 0.65 

 

5.5 

 GDI_0.6 discharge 22 0.34 <0.001* 6.5 <0.001* 

 

recharge 6 0.70 

 

5.4 

 GDI_0.7 discharge 25 0.38 <0.001* 6.4 0.002* 

 

recharge 3 0.75 

 

5.1 

 GDI_0.8 discharge 27 0.41 0.071 6.3 0.143 

 

recharge 1 0.82 

 

5.2 

 GDI_0.9 discharge 28 0.42 NA 6.3 NA 

  recharge 0 NA       

 

When we divided the samples in three groups, the model performance 

dropped for both the head differences and percentiles. The boundaries were again 

moved by 0.1 GDI and the gradient of the seasonal class was set at 0.4. 0.3 and 0.2. 

The seasonal boundary of 0.2 performed the best with a maximum model vs. field 

match of 64% for both head differences and percentiles (Table E3). The GDI and pH 

was always significantly different between the three groups (Kruskal Wallis test, 

Table E4). 
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Table E3. Overview of the model performance based on the recharge, discharge and seasonal 

classes. The threshold boundaries were varied for both the lower and upper boundary and the 

width of the seasonal gradient boundary. If the lower boundary increases, the model 

performance drops. The column names are the same as in Table E1. 

Threshold Match? Heads Match (%) Percentiles Match (%) 

GDI: 0.1 - 0.1-0.3 - 0.3 Yes 14 50 18 64 

 
No 14 

 
10 

 GDI: 0.1 - 0.1-0.4 - 0.4 Yes 17 61 12 43 

 
No 11 

 
16 

 GDI: 0.1 - 0.1-0.5 - 0.5 Yes 16 57 12 43 

 
No 12 

 
16 

 GDI: 0.2 - 0.2-0.4 - 0.4 Yes 18 64 17 61 

 
No 10 

 
11 

 GDI: 0.2 - 0.2-0.5 - 0.5 Yes 17 61 17 61 

 
No 11 

 
11 

 GDI: 0.2 - 0.2-0.6 - 0.6 Yes 16 57 13 46 

 
No 12 

 
15 

 GDI: 0.3 - 0.3-0.5 - 0.5 Yes 11 39 12 43 

 
No 17 

 
16 

 GDI: 0.3 - 0.3-0.6 - 0.6 Yes 10 36 13 46 

 
No 18 

 
15 

 GDI: 0.3 - 0.3-0.7 - 0.7 Yes 10 36 10 31 

 
No 18 

 
22 

 GDI: 0.4 - 0.4-0.6 - 0.6 Yes 7 25 8 29 

 
No 21 

 
20 

 GDI: 0.4 - 0.4-0.7 - 0.7 Yes 7 25 9 32 

 
No 21 

 
19 

 GDI: 0.4 - 0.4-0.8 - 0.8 Yes 7 25 6 21 

 
No 21 

 
22 

 GDI: 0.5 - 0.5-0.7 - 0.7 Yes 8 29 6 21 

 
No 20 

 
22 

 GDI: 0.5 - 0.5-0.8 - 0.8 Yes 8 29 5 18 

 
No 20 

 
23 

 GDI: 0.5 - 0.5-0.9 - 0.9 Yes 9 43 3 11 

 
No 12 

 
25 

 GDI: 0.6 - 0.6-0.8 - 0.8 Yes 7 25 4 14 

 
No 21 

 
24 

 GDI: 0.6 - 0.6-0.9 - 0.9 Yes 8 29 4 14 

 
No 20 

 
24 

 GDI: 0.7 - 0.7-0.9 - 0.9 Yes 8 29 3 11 

 
No 20 

 
25 
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Table E4. Overview of the significant differences between the recharge, discharge and 

seasonal samples, with different threshold boundaries. The threshold is provided in the first 

column, followed by the number of discharge, recharge and seasonal samples, the average 

GDI for that group, the significant difference in GDI (p_GDI), the average pH and the 

significant difference in pH (p_pH). Significant differences are indicated with an asterisk (*). 

Threshold 

 

Number GDI p_GDI pH p_pH 

GDI: 0.1 - 0.1-0.3 - 0.3 discharge 0 NA <0.001* NA <0.001* 

 

recharge 17 0.54 

 

5.9 

 

 

seasonal 11 0.24 

 

6.8 

 GDI: 0.1 - 0.1-0.4 - 0.4 discharge 0 NA <0.001* NA <0.001* 

 

recharge 14 0.57 

 

5.8 

 

 

seasonal 14 0.27 

 

6.8 

 GDI: 0.1 - 0.1-0.5 - 0.5 discharge 0 NA <0.001* NA <0.001* 

 

recharge 9 0.65 

 

5.5 

 

 

seasonal 19 0.31 

 

6.6 

 GDI: 0.2 - 0.2-0.4 - 0.4 discharge 1 0.12 <0.001* 7.2 <0.001* 

 

recharge 14 0.57 

 

5.8 

 

 

seasonal 13 0.28 

 

6.8 

 GDI: 0.2 - 0.2-0.5 - 0.5 discharge 1 0.12 <0.001* 7.2 <0.001* 

 

recharge 9 0.65 

 

5.6 

 

 

seasonal 18 0.32 

 

6.6 

 GDI: 0.2 - 0.2-0.6 - 0.6 discharge 1 0.12 <0.001* 7.2 0.005* 

 

recharge 6 0.70 

 

5.4 

 

 

seasonal 21 0.35 

 

6.5 

 GDI: 0.3 - 0.3-0.5 - 0.5 discharge 11 0.24 <0.001* 6.8 <0.001* 

 

recharge 9 0.65 

 

5.6 

 

 

seasonal 8 0.41 

 

6.4 

 GDI: 0.3 - 0.3-0.6 - 0.6 discharge 11 0.24 <0.001* 6.8 <0.001* 

 

recharge 6 0.70 

 

5.4 

 

 

seasonal 11 0.45 

 

6.2 

 GDI: 0.3 - 0.3-0.7 - 0.7 discharge 11 0.24 <0.001* 6.8 <0.001* 

 

recharge 3 0.75 

 

5.1 

 

 

seasonal 14 0.49 

 

6.1 

 GDI: 0.4 - 0.4-0.6 - 0.6 discharge 14 0.27 <0.001* 6.8 <0.001* 

 

recharge 6 0.70 

 

5.4 

 

 

seasonal 8 0.48 

 

6.0 

 GDI: 0.4 - 0.4-0.7 - 0.7 discharge 14 0.27 <0.001* 6.8 <0.001* 

 

recharge 3 0.75 

 

5.1 

 

 

seasonal 11 0.53 

 

6.0 
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Table E4 continued       

Threshold  Number GDI p_GDI pH p_pH 

GDI: 0.4 - 0.4-0.8 - 0.8 discharge 14 0.27 <0.001* 6.8 <0.001* 

 

recharge 1 0.82 

 

5.2 

 

 

seasonal 13 0.56 

 

5.8 

 GDI: 0.5 - 0.5-0.7 - 0.7 discharge 19 0.31 <0.001* 6.6 <0.001* 

 

recharge 3 0.45 

 

5.1 

 

 

seasonal 6 0.60 

 

5.8 

 GDI: 0.5 - 0.5-0.8 - 0.8 discharge 19 0.31 <0.001* 6.6 <0.001* 

 

recharge 1 0.82 

 

5.2 

 

 

seasonal 8 0.63 

 

5.6 

 GDI: 0.5 - 0.5-0.9 - 0.9 discharge 19 0.31 <0.001* 6.6 <0.001* 

 

recharge 0 NA 

 

NA 

 

 

seasonal 9 0.65 

 

5.6 

 GDI: 0.6 - 0.6-0.8 - 0.8 discharge 22 0.34 <0.001* 6.5 0.008* 

 

recharge 1 0.82 

 

5.2 

 

 

seasonal 5 0.68 

 

5.5 

 GDI: 0.6 - 0.6-0.9 - 0.9 discharge 22 0.34 <0.001* 6.5 0.002* 

 

recharge 0 NA 

 

NA 

 

 

seasonal 6 0.70 

 

5.4 

 GDI: 0.7 - 0.7-0.9 - 0.9 discharge 25 0.38 0.005* 6.4 0.008* 

 

recharge 3 NA 

 

NA 

 

 

seasonal 0 0.75 

 

5.1 

   


