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Abstract 13 

Riparian wetlands (RW) are important variable source areas for runoff generation. They are usually 14 

characterised by a combination of groundwater exfiltration - which maintains saturated conditions in 15 

low-lying organic-rich soils - and direct precipitation. Both processes interact to generate overland 16 

flow as a dominant runoff process. The small-scale details of groundwater-surface water (GW-SW) 17 

interactions are usually not well understood in RW. Here, we report the results of a study from an 18 

experimental catchment in the Scottish Highlands where spatio-temporal runoff processes in RW were 19 

investigated using isotopes, alkalinity and hydrometric measurements. We focused on perennial 20 

micro-catchments within the RW and ephemeral zero-order channels draining peatland hollows and 21 

hummocks to better understand the heterogeneity in GW-SW interactions. The 12-month study 22 

period was dominated by the wettest winter (Dec/Jan) period on record. Runoff generation in the RW 23 
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was strongly controlled by the local groundwater response to direct rainfall, but also the exfiltration 1 

of groundwater from upslope. This groundwater drainage is focused in the hollows in ephemeral and 2 

perennial drainage channels, but in wet conditions, as exfiltration rates increase, can affect hummocks 3 

as well. The hollows provide the dominant areas for mixing groundwater, soil water and direct rainfall 4 

to deliver water to the stream network as hollows “fill and spill” to increase connectivity. They also 5 

provide wet areas for evaporation which is evident in enriched isotope signatures in summer. 6 

Although there is some degree of heterogeneity in the extent to which groundwater influences 7 

specific micro-catchments, particularly under low flows, the overall isotopic response is quite similar, 8 

especially when the catchment is wet and this responses can explain the isotope signatures observed 9 

in the stream. In future, more longitudinal studies of micro-catchments are needed to better explain 10 

the heterogeneity observed. 11 

Key Words: riparian, wetlands, peat, isotopes, runoff, groundwater – surface water interactions. 12 

 13 

1. Introduction  14 

Riparian zones are defined as the areas fringing surface channel networks and thus, form an important 15 

interface between the terrestrial landscape and the riverscape. This interface is often a “hot spot” for 16 

water and nutrient exchange between aquatic and terrestrial systems, typically showing time variant 17 

dynamics of connectivity (Naiman and Decamps, 1997; Tetzlaff et al., 2007a). The steep gradients in 18 

environmental conditions dictate that riparian zones are often distinct habitats in terms of biodiversity 19 

(Banner and MacKenzie, 1998; González et al., 2016) and are usually, though not always, characterised 20 

by wetlands (Vidon, 2017). Such riparian wetlands (RW) often provide important ecosystem services; 21 

in headwater areas they may form a dominant source of stream flow generation  (Bragg, 2002; Bullock 22 

and Acreman, 2003; Von Freyberg et al., 2014), whilst in lowland areas they may provide storage zones 23 

for flood peak attenuation (Acreman and Holden, 2013). Headwaters in upland areas are of particular 24 

interest for runoff generation and contributions to downstream catchment-scale responses (Bragg, 25 
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2002; Partington et al., 2013). In northern regions that have been subject to glaciation, RW often form 1 

in over-widened flat valley bottoms, and saturated areas with organic soils are sustained by seepage 2 

from deeper groundwater flow paths from upslope (e.g. Ala-aho et al., 2017), which also maintain 3 

base flows during dry seasons (Gilman, 1994; Sun et al., 2016). During larger precipitation events, such 4 

RW can facilitate saturation excess overland flow (Penna et al., 2015) and mediate the connectivity 5 

between catchment hillslopes and the stream network (Tetzlaff et al., 2014; van Meerveld et al., 2015; 6 

Sun et al., 2016). Saturated RW have often been identified as being crucial for catchment scale storm 7 

runoff generation (e.g. Šanda et al., 2014). However, the small scale processes governing saturation 8 

and connectivity are rarely fully understood in detail. In particular, knowledge on how seasonal 9 

dynamics regulate non-linear spatio-temporal patterns of riparian saturation, and how this aggregates 10 

at larger scales is still missing. 11 

 12 

In northern catchments, extensive histosols or peatlands in RWs are usually characterised by 13 

heterogeneous micro-topographical features known as hummocks (ridges) and hollows (depressions) 14 

(Kenkel, 1988; Chimner and Hart, 1996; Frei and Fleckenstein, 2014; Shi et al., 2015). Some previous 15 

studies suggest higher groundwater levels in hummocks than in neighbouring hollows (Belyea and 16 

Clymo, 2001; Van der Ploeg et al., 2012; Frei and Fleckenstein, 2014) and marked differences in 17 

vegetation cover, with the ecohydrology reflecting wetness (Kenkel, 1988; Malhotra et al., 2016). 18 

However, other studies which focused more on the topographical patterning of peatlands and bogs 19 

as well as the connection to vegetation suggested a lower groundwater table in the hummocks than 20 

in the hollows (Rietkerk et al., 2004; Eppinga et al., 2008).  21 

 22 

Modelling work by Frei et al., (2010) suggested these micro-topographic variations play a key role in 23 

threshold-controlled “fill and spill” processes during storm events. Hollows would initially buffer 24 

rainfall input by providing transient storage, but with ongoing rainfall, neighbouring hollows fill and 25 
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spill, developing connectivity. These form transient zero-order channels which can connect with the 1 

perennial channel network, causing a non-linear increase in storm runoff as overland flow increasingly 2 

dominates the hydrograph. Earlier modelling work (Esteves et al., 2000; Fiedler and Ramirez, 2000) 3 

demonstrated that micro-topography affects the direction, depth and velocity of overland flow. 4 

Additionally, under homogenous infiltration rates, micro-topography is a major controlling factor for 5 

the development of local surface saturation and the subsequent connectivity of flow paths 6 

contributing to runoff generation (Qu and Duffy, 2007). 7 

 8 

In addition to traditional hydrometric monitoring of groundwater levels and modelling of GW-SW 9 

interactions, environmental tracers can also provide insights into hydrological processes in RW 10 

(Tetzlaff et al., 2014). In particular, tracers such as stable isotopes of water (deuterium (2H) and 18-11 

oxygen (18O)) and geochemicals have proven utility for identifying water sources, tracing flow paths, 12 

estimating water ages and understanding saturation area dynamics (Neal et al., 1997; McDonnell et 13 

al., 1998; Kværner and Kløve, 2006; Tetzlaff and Soulsby, 2008; Barthold et al., 2011; Lessels et al., 14 

2016; Tunaley et al., 2017). In low-temperature environments, the isotopic composition of the natural 15 

waters are governed by physical phase changes (evaporation, condensation and melting) near and 16 

above the ground surface, as well as mixing at the surface and in the subsurface, making them very 17 

useful tracers (Leibundgut et al., 2009). Sampling precipitation, groundwater and surface waters and 18 

analysis for tracers to identify sources and differentiate flow paths, as well as understanding the 19 

temporal dynamics of their contribution to runoff generation has become commonplace in catchment 20 

hydrology (Neal et al., 1997; Kendall and McDonnell, 1998; Tetzlaff and Soulsby, 2008; Barthold et al., 21 

2011; Lessels et al., 2016).  22 

 23 

In recent years, a focal site for understanding runoff generation in RW has been the Bruntland Burn; 24 

a headwater catchment in the Scottish Highlands, which is characterised by a large peat-dominated 25 
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RW (Birkel et al., 2011a, 2011b). Long-term and event-based hydrometric, stable isotope and 1 

modelling studies have shown that the RW in the Bruntland Burn is a “hot spot” area for runoff 2 

generation (Tetzlaff et al., 2007b, 2008; Birkel et al., 2011b; Blumstock et al., 2015) and for mixing of 3 

different sources of soil water and groundwater (Soulsby et al., 2015; Lessels et al., 2016; van 4 

Huijgevoort et al., 2016). During prolonging storm events, when the RW connects the hillslopes to the 5 

channel network, the runoff coefficient of the entire catchment can exceed 40% (Tetzlaff et al., 2014) 6 

and even reach 80% in extreme cases (Soulsby et al., 2017).   However, despite extensive research on 7 

the general role of the RW, the localised small-scale GW-SW interactions involved in catchment runoff 8 

generation processes are still not very well understood. In this study, we investigate the spatial and 9 

temporal dynamics of GW-SW interactions in a RW at the scales of zero and 1st order micro-10 

catchments and their associated micro-topography. We used hydrometric and tracer based-11 

approaches to understand how groundwater and surface water interact at these small scales. The 12 

specific objectives are to: 13 

1) Understand spatio-temporal dynamics in stable isotopes and hydrochemistry at the micro-14 

catchment scale to understand GW-SW interactions and runoff generation. 15 

2) Investigate how micro-topography (hollows, hummocks) reflect GW-SW interactions and runoff 16 

generation at larger scales. 17 

Such process insights in such sensitive parts of headwater catchments is of vital importance for 18 

understanding their influence at the larger catchment scale and for evidence-based land management 19 

decisions (Soulsby et al., 2017). 20 

 21 

2. Study area 22 

The study sites are located within the Bruntland Burn (BB) catchment, a 3.2 km2 upland headwater in 23 

the Scottish Highlands (Figure 1). The BB is part of the Girnock Burn, a tributary to the river Dee (~2108 24 
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km2), the UK’s largest catchment that is free of the influence of regulating reservoirs. The Dee is an 1 

important regional water resource, supplying drinking water for more than 300,000 people and 2 

sustaining an economically important Atlantic salmon (Salma salar) fishery (Tetzlaff et al., 2012). The 3 

regional climate is marked by mild winters and cool summers; mean daily air temperature is 6°C, 4 

varying between 1 and 12°C in January and July, respectively. This reflects the maritime influence on 5 

the climate which is transitional between northern temperate and boreal. Annual average 6 

precipitation (P) is around 1100 mm a-1 (1993 – 2015 at Balmoral weather station, ca. 5 km west of 7 

the catchment) and is usually fairly evenly distributed throughout the year. Generally, half of annual 8 

P falls in frequent, but low intensity events (<10 mm d-1). During winter, typically around 5% falls as 9 

snow, though this may exceed 10% during colder years. The mean annual potential evapotranspiration 10 

(ET) and runoff (R) are around 400 mm a-1 and 700 mm a-1, respectively (Birkel et al., 2011a). About 11 

25 – 35% of the annual discharge is sustained by groundwater (Birkel et al., 2011a, 2011b), though 12 

overland flow during precipitation events dominates the generation of the storm hydrograph resulting 13 

in a flashy flow regime (Soulsby et al., 2015). 14 

 15 

The landscape is heavily shaped by its glacial history, with a wide and flat valley bottom dominated by 16 

saturated organic-rich peat soils (histosols) forming RWs (Figure 1b). These are typically  ~1.5 m deep 17 

and thin out to <0.5 m on the lower hillslopes where peaty gley soils predominate (Tetzlaff et al., 18 

2014). The peats in the low-lying RW are under quasi-permanently saturated conditions due their 19 

water-retentive nature and a perched water table that is usually within 0.2 m of the surface 20 

(Blumstock et al., 2016). The RW is constantly supplied with groundwater seepage from steeper 21 

upslope areas (Tetzlaff et al., 2014) and the extent of surface saturation – depending on antecedent 22 

wetness — varies between 2% to 40% of the total catchment (Birkel et al., 2011b). 23 

  24 
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 The steeper hillslopes have an average slope of around 14° and are dominated by podzolic soils. The 1 

higher altitude parts of the catchments, reaching 539 m a.s.l. (above sea level), are characterized by 2 

thin regosols and outcrops of exposed bedrock. The solid geology largely comprises granite and Si-rich 3 

and Ca-rich metasediments (Figure 1a) which are mostly covered by glacial drift deposits (which 4 

occupy about 70% of the catchment). The drift can reach up to 40 m in depth in the valley bottom 5 

(Soulsby et al., 2007), where it typically has a silty-sand matrix with abundant larger clasts which thins 6 

out on the steeper hillslope (~5 m deep) into shallower, more permeable lateral moraines, and ice 7 

marginal deposits (Soulsby et al., 2016). These drift deposits were identified as the main source of 8 

stored groundwater in the catchment (Soulsby et al., 2015, 2016). 9 

 10 

Whilst the peatlands in the RW are dominated by Spagnum mosses, together with grasses (e.g. Molina 11 

caerulea), the rest of the catchment is largely covered by heather shrubs (Calluna vulgaris and Erica 12 

tetralix) with tree cover restricted to areas of Scots pine (Pinus sylvestris) on some steep slopes or in 13 

fenced plantations. The trees are around 30 - 80 years old and range in height between 5 m and 20 m 14 

(Wang et al., 2017). Total forest cover is about 10% with natural forest on the steep north-west 15 

hillslopes and in plantations near the outlet. Heavy grazing activities by a large red deer population 16 

prevents successful tree regeneration and preserves the dominance of the moorland vegetation.  17 

 18 

Previous work has identified the RW in the BB as a key zone of runoff generation (e.g. Soulsby et al. 19 

2016) — even after prolonged dry conditions (Tetzlaff et al., 2014; Geris et al., 2015). During 20 

precipitation events, the RW generates a considerable amount of saturation excess overland flow (e.g. 21 

Birkel, Tetzlaff, et al. 2011; Tetzlaff, Soulsby, Waldron, et al. 2007) channelling it directly into the 22 

stream through networks of perennial 1st order channels and ephemeral zero-order water tracks. 23 

Apart from directly generating runoff, during wetter conditions and as events increase in size, the RW 24 

increasingly connects the hillslopes to the stream network. These hillslopes deliver lateral flow path 25 
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through macropores in the upper soil horizons and deeper groundwater seepage (Tetzlaff et al., 2014; 1 

Geris et al., 2015; Blumstock et al., 2016). Within the RW, mixing of different source waters, i.e. soil 2 

water and groundwater, occurs with groundwater seepage increasingly dominant during dry periods 3 

(Lessels et al., 2016). 4 

  5 

3. Methods 6 

Within the RW of the BB, small-scale dynamics of GW-SW interactions in selected micro-catchments 7 

were investigated from August 1st 2015 until August 31st 2016. This was undertaken within the wider 8 

context of the BB monitoring. An automatic weather station (Figure 1b) recorded precipitation with a 9 

temporal resolution of 15 min using a tipping bucket rain gauge connected to a CR800 Campbell logger 10 

(0.2 mm resolution). Stage height was recorded with the same temporal resolution at the BB 11 

catchment outlet (Figure 1b) using an Odyssey capacitance logger (0.8 mm resolution) and converted 12 

to discharge using a well-maintained rating curve. We also used data from two deeper wells drilled 13 

into the catchment drift; one in the riparian zone and one on the upper hillslope (Figure 1). These 14 

were screened at about 2m depth and water levels logged with divers (see Scheliga et al., (2017) for 15 

details).  16 

 17 

In part of the RW, where most mixing of soil and groundwater takes place (Lessels et al., 2016), we 18 

monitored the outlets of seven micro-catchments which are all within the quasi-permanently 19 

saturated area, but also drain steeper, upslope areas (Birkel et al., 2011b). The seven micro-20 

catchments belong to perennial 1st order channels on the south- (SF) and north-facing (NF) slopes with 21 

different source areas, flow regimes and landscape characteristics (Figure 1c, 2 and Table 1). The 22 

estimated surface drainage areas were derived from a high-resolution LiDAR survey, so they may not 23 

coincide with the groundwater catchment. Geospatial analyses used ArcGIS 10.3.1, R (version 4.3.1, 24 
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(R Core Team, 2017)). The locations of channel networks were burned into the digital terrain model 1 

(DTM) for delineating the catchment areas. This was needed as small channels (<1 m widths) were not 2 

captured by the 1 x 1-m DTM. The DTM was cleaned of artificial “pits” before calculation of the flow 3 

direction (D8, (Jenson and Domingue, 1988)) and delineation of the catchment boundaries.  The 4 

resulting areas of the micro-catchment range from 0.08 – 5.7 ha and the average slopes varied from 5 

11 - 21°.  6 

 7 

Rankers and podzols on the steeper hillslopes are the dominant soils in all micro-catchments. Under 8 

wet conditions, when the saturation area is at its highest extent (up to 40% of catchment area) (see 9 

Figure 2a), it closely matches the areas of peat and peaty gley soils in the micro-catchments. Under 10 

dry conditions, the micro-catchments of NFP II and SFP IV have a very small percentage of saturated 11 

area and - in the case of SFP V - none. The NFP II saturation area shrinks most dramatically, from 34% 12 

under wet condition to 1% under dry conditions. The SFP III saturation area does not change during 13 

different conditions, but it is the smallest under wet condition followed by the SFP IV (Table 1). 14 

  15 

Both micro-catchments characterised by the north-facing perennial channels (NFP I & II) and one of 16 

the south- facing channels (SFP V) possess no tree cover. In contrast, in the micro-catchments SFP I, II, 17 

IV and SFP III the tree cover starts respectively around 290 m and 260 m a.s.l.. The small catchment 18 

area of the south-facing perennial channel V (SFP V) is the result of an old land rover track, diverting 19 

flow from a large portion of the original catchment area (Figure 2). Even though the micro-catchment 20 

surface areas of SFP II and III are also affected by this track, the catchment areas in the RW did not 21 

seem to be adversely affected. 22 

 23 
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We also investigated plot-scale micro-topography influences, at a location situated within the 1 

peatland of micro-catchment SFP II (Figure 2, Table 2). A NE-SW transect perpendicular to the direction 2 

of flow out of the micro-catchment was investigated (Figure 2c) across a series of hollows and 3 

hummocks which flow into the SFP II micro-catchment.  Molinia caerulea and various Sphagnum spp. 4 

dominate the depressions, but heather (Calluna vulgaris and Erica tetralix) shrubs, with a Sphagnum 5 

understory characterise the elevated hummocky moraines. The micro-topography features provide a 6 

gradation of habitats for different Sphagnum species (Table S1). Whilst Sphagnum fimbriatum, 7 

Sphagnum capillifolium and Sphagnum papillosum were present across the transect, dominating the 8 

hollows, S. capillifolium and S. papillosum were more extensive on the hummocks below the heather.  9 

 10 

We installed a shallow well cluster at the micro-topography site: five wells in each of the two dominant 11 

units (hummock and hollow) reaching 60 – 90 cm deep (Table 2). Wells were installed with a hand-12 

auger and we used a white PVC (polyvinyl chloride) pipe with a 3.7 cm diameter as well casing. The 13 

casing was fully screened and fitted with the same type of Odyssey capacitance loggers used for stage 14 

height to monitor the shallow groundwater levels. The relative height difference of the ground surface 15 

between the locations of the micro-topography wells was measured using a robotic total station (Leica 16 

Geosystems TPS 1200) coupled with a 360° prism. The groundwater levels of the micro-topography 17 

wells were referenced to the ground surface height of the well at Hummock 2, because this had the 18 

highest ground surface elevation among the wells allowing direct comparison of the water table 19 

depths. 20 

 21 

Precipitation and stream water samples were collected for isotope analysis on a daily basis at the BB 22 

outlet by two ISCO automated water samplers. A third auto-sampler was deployed in the perennial 23 

channels draining micro-catchment NFP I, also on a daily resolution. The remaining six perennial 1st-24 

order channels draining the other micro-catchments were sampled at approximately biweekly 25 
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resolution. In addition, we also sampled ephemeral water tracks on the south facing slope which 1 

became active during the wet winter period (Figure 3) and intended to repeat sampling during other 2 

wet periods, though they subsequently rarely flowed. The micro-topography wells were also sampled 3 

on seven occasions during the study period, mostly in 2016.  Coordinates of the wells and sample 4 

locations were recorded with a GARMIN eTrex 10 handheld GPS (accuracy <15 m).  5 

 6 

All water samples for isotope analysis were collected in 250 ml PVC bottles leaving no head space. 7 

Paraffin was added to auto-sampler bottles to prevent evaporative fractionation. After transport to 8 

the laboratory, samples were refrigerated until analysis. All water samples were analysed for their 9 

isotopic composition (2H and 18O ratios) and the perennial water tracks samples from the micro-10 

catchment outlets were also analysed for alkalinity. However, alkalinity samples from NFP I were only 11 

taken on the same biweekly resolution as the other six micro-catchments. A single set of samples from 12 

the micro-topography wells were also analysed for alkalinity. A Los Gatos IWA-35d-EP Laser 13 

Spectrometer (precision ±0.3‰ for δ2H; ±0.1‰ δ18O) was used to analyse the isotope ratios of the 14 

water samples. Every three samples, a standard was used to ensure accuracy. Samples which were 15 

flagged by the Post Analysis Software (Los Gatos) for organic contamination were filtered and re-16 

analysed. The abundance ratio of heavy to light isotopes (2H/1H; 18O/16O) is reported in the δ-notion 17 

(in ‰) (Coplen, 2011) relative to the Vienna Standard Mean Ocean Water (VSMOW). Gran Alkalinity 18 

was determined according to Neal (2001) using acidimetric Gran titration to the endpoints pH 4.5, pH 19 

4.0 and pH 3.0. 20 

 21 

In dual-isotope space, the relationship between δ2H and δ18O in the precipitation signal (Dansgaard, 22 

1964) provides a basis for identifying the extent to which water samples are affected by evaporative 23 

fractionation (Sprenger et al., 2017). This relationship is described by the local meteoric water line 24 

(LWML). Deviations from this regression line (δ2H = 7.6‰ × δ18O + 4.7‰ for precipitation in the BB) 25 
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indicates evaporation fractionation, if water samples plot below the LMWL. This deviation from the 1 

LMWL is caused by kinetic fractionation during evaporation (Craig et al., 1963) and can be described 2 

by the line-condition-excess (lc-excess) defined by Landwehr and Coplen (2006): 3 

𝑙𝑐 − 𝑒𝑥𝑐𝑒𝑠𝑠 =  𝛿2𝐻 − 𝑎 ×  𝛿18𝑂 − 𝑏    (Equation 1) 4 

Where a and b are the slope and intersect of the LMWL with a = 7.6‰ and b = 4.7‰, respectively for 5 

the BB.  6 

 7 

We also selected eight storm events with contrasting antecedent wetness, duration and intensities to 8 

investigate the groundwater response in the micro-topography features using hysteresis loops for the 9 

discharge-groundwater table relationship. The hysteresis index (HILL) proposed by Lloyd et al. (2016) 10 

was used to characterize and compare the different storm events. The index was calculated from the 11 

average of the differences between the rising and falling limb of the GW level in the hysteresis loop at 12 

different percentages of the event discharge. The Differences were calculated for every 5% of the 13 

event discharge. This makes the HILL more suitable for complex loops and ensured a robust 14 

characterization of the respective storm events (Lloyd et al., 2016). Discharge (Q) and the groundwater 15 

table (WT) for each well and storm event needed to be normalized to calculate HILL: 16 

𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝑄𝑖 =  
𝑄𝑖−𝑄𝑚𝑖𝑛

𝑄𝑚𝑎𝑥−𝑄𝑚𝑖𝑛
  (Equation 2), 17 

𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝑊𝑇𝑖 =  
𝑊𝑇𝑖−𝑊𝑇𝑚𝑖𝑛

𝑊𝑇𝑚𝑎𝑥−𝑊𝑇𝑚𝑖𝑛
  (Equation 3). 18 

With Qi and WTi representing discharge and groundwater table at time step i, and Qmin/max and 19 

WTmin/max representing the respective extreme values for the event. HILL was calculated for each 20 

storm event loop as: 21 

𝐻𝐼𝐿𝐿 =
∑(𝑊𝑇𝑅𝐿𝑛𝑜𝑟𝑚−𝑊𝑇𝐹𝐿𝑛𝑜𝑟𝑚)𝑘

𝑛
 (Equation 4). 22 

With WTRL_norm and WTFL_norm representing the respective normalized (norm) groundwater level of the 23 

rising (RL) and falling limb (FL) at each discharge increment k. Index k starts at 0.05 (5% of event peak 24 
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discharge) and increases in 0.05 steps until the maximum normalized storm discharge is reached. The 1 

sum is then divided by the total number of increments n, to determine the event average HILL. The HILL 2 

ranges from -1 to 1, the numeral represent the surface of the loops with small numbers indicating 3 

“narrow” and high numbers indicating “wide” loops. The sign of the HILL indicates the rotational 4 

direction of the loop, with a negative sign indicating anti-clockwise hysteresis and a positive sign 5 

clockwise hysteresis. The HILL for the more complex loop shapes (e.g. figure-8) was calculated from a 6 

weighted average, that was based the proportion the hysteresis loop rotated clockwise against the 7 

proportion it rotated anti-clockwise. If the hysteresis was predominantly rotating clockwise, the 8 

overall rotational direction of the event was classified as clockwise. The start of an event was the point 9 

when the discharge started to continuously increase, forming a clear rising limb.  The end of the event 10 

was determined by either the discharge falling to at least 125% of the starting value or the start of a 11 

succeeding new discharge event. 12 

4. Results 13 

4.1 Hydroclimatic conditions during the study period 14 

Generally, rainfall events during the study period were fairly evenly distributed and dominated by a 15 

high frequency of low intensity events <10 mm d-1 (Figure 3a). About half of the daily rainfall events 16 

were <1.5 mm in total. Very few events delivered rainfall totals >20 mm; these were mostly 17 

concentrated between December 2015 and January 2016, with a second wet period between June - 18 

July 2016. The December/January period was by far the most noteworthy, as it was marked by a 19 

succession of larger rainfall events which totalled 375.2 mm over just a few weeks. This 20 

unprecedented rainfall accounted for more than one-third of the annual average rainfall. 21 

 22 

This high rainfall over a prolonged period resulted in high and sustained discharge peaks, exceeding 23 

10 mm d-1 on 12 different days during December 2015 and January 2016 (Figure 3a). The highest peak 24 
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discharge and precipitation amounts were recorded on the December 30th with 25.8 mm d-1 and 56.7 1 

mm d-1, respectively. The discharge response to lower intensity events for most of the remaining study 2 

period was more subdued, with pronounced high flows in response to a wet period in mid-June. 3 

Following this, the last month of the study period in summer 2016 was marked by prolonged low flows 4 

and the lowest recorded discharge of the period with 0.08 mm d-1 on August 27th. For the entire study 5 

period, Q95 and Q5 were 0.11 and 6.24 mm d-1, respectively. 6 

 7 

The shallow groundwater levels in the RW were within ~25 cm of the soil surface throughout the year 8 

and highly responsive to each significant precipitation event with a rise in the water table and 9 

subsequent recession (Figure 3b). The riparian groundwater was artesian for several weeks in late 10 

December/early January and then again following the wet period in June. On the upper steeper 11 

hillslopes, groundwater fluctuations were much more pronounced. The water table was always within 12 

110 cm of the soil surface, and only responded to larger rainfall events. In the December/January 13 

period the groundwater was very close to the soil surface; this is consistent with previous observations 14 

in wetter conditions, which showed that the high water table caused transmissivity feedback in the 15 

permeable organic soil horizons (~10 – 20 cm deep) with shallow lateral flow in the upper soil 16 

increasing the connectivity between the hillslopes and the drainage channel networks. Due to the 17 

freely draining nature of the subsoil in the hillslope podzols this high connectivity tends to be transient 18 

and declines rapidly following rainfall. However, these conditions were sustained for longer in the wet 19 

winter period.   20 

 21 

4.2 Stable isotope and hydrochemistry dynamics of the micro-catchments 22 

Figure 3c shows the daily δ2H in precipitation, stream water and sampled water in NFP I, as well as the 23 

biweekly δ2H dynamics of the other six monitored perennial micro-catchments. Isotopic variability in 24 

precipitation showed general seasonality with more frequent events enriched in δ2H during the 25 
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summer months and more depleted events during winter. However, in general the winter of 2015-16 1 

was mild and precipitation was less depleted than usual. Nevertheless, strongly depleted precipitation 2 

events occurred in early December, and early and late January. The variation in stream water isotopes 3 

and the perennial micro-catchments showed similar seasonality but were greatly damped in 4 

comparison to precipitation (standard deviation of 24.6‰ and 2.4‰ for δ2H in precipitation and 5 

stream water, respectively). Also, the extreme event in winter 2015/2016 caused a strong depletion 6 

in all surface water isotope samples. Most of the water from the perennial channels had a lower 7 

variability and standard deviation than stream water ranging from 1‰ to 2.4‰ for δ2H (Table 3). 8 

Exceptions were NFP II and SFP I, which showed the highest isotopic variability with standard 9 

deviations of 3.8‰ and 4‰ for δ2H, respectively; this mainly reflected the elevated summer levels 10 

(Figure 3c). Notably, these two micro-catchments do not originate from a spring or a single pool like 11 

the others (Table 1). NFP II has a large seepage area as its source and SFP I has an extensive network 12 

of pools.  13 

 14 

This damping relative to precipitation is evident when samples are plotted in dual isotopes space 15 

(Figure 4a). The channels draining the perennial micro-catchments show more variability than stream 16 

water leaving the BB and the boxplots for δ2H and δ18O (Figure 4b and c) show that on average they 17 

tend to be more depleted, though they also have more enriched samples (Table 3). But in general, 18 

they occupy the same space with a similar regression line. The lower regression slope relative to 19 

precipitation – where the LMWL plots close to the global meteoric water line (GMWL) - is indicative 20 

of evaporative fractionation in more enriched summer samples (see equations in Table S2). The 21 

prevailing dry conditions following the January/December wet periods, dictated that the ephemeral 22 

water tracks could only all be sampled in January 2016, these mostly plotted above of the LMWL and 23 

showed limited signs of evaporative fractionation, though a few samples collected at the few flowing 24 

sites in the summer plotted below the line.  25 
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 1 

Figure 5 shows the samples of the individual micro-catchments separately and highlights more of the 2 

heterogeneity and spatial variability. All of the ephemeral water tracks are also shown. NFP II and SFP 3 

I showed the largest isotopic ranges while NFP I, SFP III and IV had the narrowest. Most of the 4 

regression lines of the micro-catchments plotted close to that of the stream water – though SFP IV 5 

had a notably less steep slope. Only a limited numbers of samples plotted distinctly below the LMWL 6 

suggesting evidence of evaporative fractionation. These samples occurred mainly during autumn 2015 7 

(samples of NFP II, SPF I and SPF V) and during spring 2016 (samples from SPF I and the ephemeral 8 

water tracks (EWTs)) and during early-summer 2016 (samples from the stream and the EWT).     9 

 10 

Figure 6 pools all samples of the perennial micro-catchments as a time series of sampling dates to 11 

reveal the seasonal patterns more clearly. For most of the study period, the stable isotope signals for 12 

individual sampling days exhibited marked spatial variability evident in the large ranges. However, 13 

during and after the large storms in December/January spatial variability was much more compressed 14 

in the wetter conditions, with around ~5‰ difference between the δ2H values which were all low. 15 

Greatest variability in δ2H was evident during the summer and autumn months when flows were 16 

lowest with average differences in δ2H values of ~8 and ~7‰, respectively consistent with the effects 17 

of summer rainfall and evaporative fractionation at some sites (Figure 6b), although these differences 18 

again narrowed in the wet June period. 19 

 20 

Using the lc-excess of samples provides further process insight in relation to evaporative fractionation. 21 

The long-term average lc-excess of precipitation is around zero, though individual samples varied 22 

temporally with positive and negative values evident throughout the year, indicating different air mass 23 

sources and recycling of atmospheric moisture (Figure 3d). The lc-excess in the stream or the channels 24 
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of the micro-catchments were much more stable, with values rarely negative, and uncorrelated with 1 

the lc-excess of rainfall. Periods with negative lc-excess were most common in summer and autumn 2 

2015, and again in summer 2016, as is evident in the averaged values of the perennial micro-3 

catchments in Figure 6c. The spatial variability of lc-excess across the PWTs micro-catchments was 4 

limited during the winter and throughout the spring (Figure 6c). In contrast, summer and autumn 5 

showed larger spatial variability in lc-excess. The highest average difference was seen during summer 6 

(~6‰).  For example, in October 2015, samples from SFP V, SFP I and NFP II showed clear evaporation 7 

fractionation signal with lower lc-excess values (Figure 3d). During relatively dry periods in February 8 

2016 and June 2016, NPF I and SFP I showed also rather low lc-excess values close to -5‰, respectively, 9 

showing some local hotspots for fractionation processes. These sites are all characterised by sources 10 

of diffuse seepage or pool networks where opportunities for evaporation occur as a result of low long 11 

residence times.  12 

 13 

Gran alkalinities in the perennial channels generally varied with discharge, with all sites being <50 μEq 14 

l-1 in the wet January periods. All sites exceeded 100 μEq l-1 under low flow conditions, though 15 

variability under dry conditions was most pronounced (Figure 3e and 6d). The dominance of more 16 

acidic, soil-derived overland flow when wet, and the dominance of deeper groundwater sources when 17 

dry explains this variation. Most sites showed limited temporal variability for much of the year, with 18 

standard deviations mostly ranging between 20 μEq l-1 and ~50 μEq l-1 (Table 3). However, similar to 19 

the isotope signatures, SFP I and NFP II displayed the highest standard deviations with 113 and 65 μEq 20 

l-1, respectively. SFP I generally had the highest alkalinity of all the micro-catchments in its perennial 21 

channel. In contrast, SFP III generally had the lowest alkalinity with an average of 80 μEq l-1.  22 

 23 

The first, and only complete sampling of the EWTs was in early January 2016 at the time of peak 24 

wetness (See supplementary material Figure S1). On January 7th and 8th 2016, all sampled EWTs were 25 
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depleted similar to stream water (cf Figure 3c). Such depleted signatures continued for the remaining 1 

active south facing ephemeral water tracks (SFE 1, SFE 3, SFE 10), except SFE 11 which started to have 2 

a more enriched isotopic signal after April 2016. These more enriched samples had persistently low 3 

lc-excess values (Figure S1), and they are the EWT samples, which plotted distinctively below the 4 

LMWL (Figures 4 and 5) showing evidence of evaporative fractionation.  All the EWT samples had low 5 

alkalinity values on the January 7th 2016 ranging between 21.3 – 60 μEq l-1 consistent with soil-derived 6 

runoff generation (Figure 7 d). The following day, only SFE 7 and SFE 11 remained actively flowing, 7 

showing a marked change with the SFE 7 having the lowest alkalinity value from all EWTs (21.3 μEq l-8 

1) and the highest value on January 8th with 238.9 μEq l-1 as groundwater influence returned. Such 9 

groundwater dominance was evident when EWTs were flowing in spring and summer and were all 10 

>100 μEq l-1. 11 

 12 

4.3 Influence of Micro-topography on groundwater 13 

In all wells of the micro-topography cluster, the shallow groundwater levels responded rapidly to 14 

almost every precipitation event (Figure 7). In general, the water table was around 10 cm shallower in 15 

the hollows, than the adjacent hummock, though Hollow IV and Hummock 4 were an exception. The 16 

differences between hollows and hummocks was greatest during drier periods. All micro-topography 17 

wells recorded their highest water levels during the larger storm events in late-December 2015 / early-18 

January 2016 and were again high in the large rainfall event (>40 mm) in late-June 2016. Comparing 19 

the micro-topography wells along the general local slope (going NE to SW) shows the highly localised 20 

spatial heterogeneity of the overall water table (Figure 7d). This variability of the groundwater table 21 

was not limited to specific micro-topography features or locations along the local slope as it is also 22 

influenced by water fluxes from upslope.  However, in general, lower variability was evident in the 23 

hollows and greater variability under the hummock. The lowest and highest standard deviations in 24 

groundwater levels both occurred in the hollows with 0.6 cm and 3.5 cm in Hollow I and Hollow III, 25 
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respectively (Table 4). For the other hollows, standard deviations ranged between 1.3 cm and 2.1 cm. 1 

Most of the hummocks had standard deviations above 2 cm (Table 4). 2 

 3 

Most stable isotope samples from the micro-topography wells plot slightly above the long-term LMWL 4 

(Figure 8) though this may reflect the spring/summer bias of the sampling. Of the four regression lines 5 

that had slopes lower than that of stream water, three were in hollows (I, IV and V) and the fourth 6 

was from Hummock 5, though overall there was no systematic differences between hummocks and 7 

hollows (see equations in Table S2). On average, Hummock 3 had the most enriched samples with 8 

mean δ2H -54.3‰ and Hollow I had the most depleted samples with mean δ2H -60.2‰ (Table 5). The 9 

lowest variability in isotopic composition was in Hollows V and I and Hummock 4 with standard 10 

deviations of 0.6‰, 0.8‰ and 1.1‰, respectively. All hummocks had mean lc-excess values of 1‰; in 11 

the hollows the mean lc-excess values ranged between 0 – 3‰ (Table 5). Most of the micro-12 

topography wells showed signs of evaporative fraction, which was more pronounced in the hollows 13 

(see regression slopes in Table S2). Interestingly there was a significant (p<0.05) positive correlation 14 

between indices of water table variability and the variability in isotope composition, with the 15 

relationship clearest in the hollows (Figure 9a). This is consistent with greater influxes of water from 16 

upslope varying the water levels and the isotopic composition, whilst less marked water level variation 17 

was characterised by more stable isotope composition. The micro-topography wells were also 18 

sampled for alkalinity once, on the November 27th 2016. In contrast to the isotopes, alkalinity values 19 

showed substantial differences ranging from -6.4 μEq l-1 to 294 μEq l-1 in the hollows, and between 20 

31.2 and 247.1 μEq l-1 in the hummocks. However, the alkalinity of individual wells was negatively and 21 

significantly (p<0.05) correlated with variability in the water-table and isotope variability (Figure 9). 22 

This is consistent with higher alkalinity groundwater dominating wells which have more stable 23 

hydraulics and isotope composition.  24 

 25 
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To better understand the relationships between stream discharge and groundwater levels monitored 1 

in the hollows and hummocks, we also investigated hysteresis loops. Figure 10 shows two 2 

representative events (Event 1 and 5 in Figure 7) out of eight investigated (Table 6). Almost all 3 

hysteresis loops are narrow and have a clockwise direction, meaning that groundwater levels 4 

responded before the stream, except for seven occasions in three different wells but all in the hollows 5 

(I, II and III). Loops rarely displayed a figure-eight or more complex pattern. In fact, all complex loop 6 

patterns occurred during event 6 (Table 7). This event occurred over three days with larger events (17 7 

mm, >40 mm and ~10 mm) which triggered a response in the stream and the wells (Figure 7). The 8 

largest change in groundwater levels during an event was either during Event 1 (Hollow II, Hollow V 9 

and Hummock 5) or during Event 6 (all other wells). Amongst the hollows, Hollow III had on average 10 

the highest changes in groundwater level during events; and had the highest rise during a single event 11 

(E6) with 14.9 cm. Other hollows had on average a rise of 2.3 cm during events, with Hollow I recording 12 

usually the lowest changes (Table 6). Overall, during the investigated events the groundwater levels 13 

inside the hummocks rose on average roughly 60% (~2.4 cm) higher than inside the hollows. 14 

 15 

5. Discussion 16 

Groundwater dynamics in micro-catchments 17 

Our results help to understand the spatio-temporal influence of GW-SW interactions in micro-18 

catchments. In this regard, the data have shown the spatial heterogeneity of how the rainfall-runoff 19 

response of the Bruntland Burn catchment reflects variation in the relative importance of 20 

groundwater exfiltration, soil water storage and mixing of new rainfall in the micro-catchments driven 21 

by dynamics in the micro-topographic features of the RW. The isotopes and geochemistry have shown 22 

some heterogeneity but, overall, the responses were rather similar. Some micro-catchments were 23 

characterised by a stronger groundwater imprint, with more depleted and stable isotope values, 24 

higher lc-excess and more stable alkalinities. Thus, it is significant that the micro-catchments NFP I, 25 
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SFP II and SFP III which have such conditions, are characterised by springs or upwelling groundwater 1 

in pools (Table 1, 3). Conversely, diffuse seepage-fed micro-catchments (NFP II, SFP I) tended to be 2 

more variable and mixed, and showed more evidence of evaporative fractionation. These results 3 

confirm findings by Lessels et al. (2016) identifying the RW as the key mixing area of different source 4 

waters, though this is mediated in the micro-catchments of zero-order channels. Such fine-scale 5 

heterogeneity would be impossible to detect by only sampling at the catchment outlet emphasising 6 

the importance of spatial distributed sampling of key locations to better understand heterogeneities 7 

in dominant runoff generation processes (Jencso et al., 2010).  8 

 9 

This spatial variation was, however, mediated by the influence of antecedent wetness and 10 

characteristics of hydrological events. Thus, spatial heterogeneity of tracer signals was less clear 11 

during and after the large precipitation events in December 2015 and January 2016, when the 12 

catchment was wet and highly connected. During such wet periods, relative groundwater 13 

contributions to runoff generation are reduced and surface runoff generation through saturation 14 

overland flow becomes the dominant process. The subsequent mixing with large water inputs 15 

homogenised the tracer signals across the RW. The daily sampling of stream water and of NFP I 16 

revealed substantially depleted signals early-December 2015 and late-January 2016, which coincided 17 

with depleted precipitation input signals. This indicates an increased contribution of younger water 18 

from saturation excess overland flow (McGlynn and McDonnell, 2003). These short-term dynamics 19 

were not picked-up with the bi-weekly sampling of the perennial channels, underlining the importance 20 

of high resolution sampling. The dominance of surface runoff in wet conditions was also reflected in 21 

the alkalinity values, which were low and almost uniform across the sampled sites. Even after this 22 

wetter period, the isotopic values across the micro-catchments remained quite uniform with δ2H 23 

values close to -59‰ from late-January until late-April, 2016, indicating displacement of well-mixed 24 

soil water storage across the RW following the large water inputs, despite the increasingly drier 25 
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conditions (Soulsby et al., 2015). In the summer as the catchment dried, isotopic heterogeneity 1 

increased and fractionation effects were evident.  2 

 3 

This dominant, but time-variant, influence of RW is consistent with the findings of other studies in 4 

northern/upland environments where organic soils are important. For example, Correa et al., (2017) 5 

in the upland Zhurucay catchment in Ecuador (7.6 km2) identified water from riparian zone as the 6 

highest contributor to runoff throughout the year; event water flows above the saturated histosol in 7 

riparian zone and feeds directly in to the stream. Similarly, Peralta-Tapia et al. (2015) examined 8 

isotopic tracers in 78 sub-catchments of the Krycklan watershed in Sweden at scales from 0.12 - 68 9 

km2. The isotopic composition of smaller catchments which had greater coverage of wetlands (up to 10 

40%) showed the influence of both summer and autumn precipitation in younger soil waters 11 

influencing runoff, while larger sub-catchments had compositions similar to deeper groundwater. The 12 

contributions of deeper groundwater to annual runoff increased with catchment area from ~20% in 13 

small headwater sub-catchments to 70 - 80% in large catchments (>10.6 km2). At larger scales, Devito 14 

et al. (2017), working in meso-scale catchments in low-relief in the Boreal Plain of Canada at scales 15 

from 50 – 5.000 km2, showed how peatlands were the major source of runoff. Penna et al., 2016 also 16 

identified the importance of wetness on temporal dynamics of runoff generation. Working in the 17 

Bridge Creek Catchment (0.14 km2) in Italian Alps, they showed that during dry conditions saturation 18 

excess overland flow and direct channel precipitation dominated runoff processes; whilst during wet 19 

conditions riparian groundwater contributions increased.  20 

 21 

The importance of the riparian areas for mixing different source waters and runoff generation has also 22 

been observed in other geographical settings and shown how a connected RW can control the spatial 23 

and temporal heterogeneity of the isotopic composition of the stream water.  For example, Fischer et 24 

al., (2015) investigated micro-catchments in a Swiss pre-alpine headwater catchment. Base flows were 25 
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sustained by deeper groundwater and showed little fine scale spatial heterogeneity. However, the 1 

temporal variability in deuterium was marked as wetland areas inside the micro-catchment connected 2 

to the stream network.  Similarly, Klaus et al., (2015) investigated the runoff dynamics from RW in 3 

three adjacent small, lowland headwater catchments in the Upper Atlantic Costal Plan in USA. The 4 

RWs exerted a strong control over the isotopic composition of the stream. As stream water moves 5 

slowly through the RW, evaporative fraction processes strongly influence the isotopic composition of 6 

the stream water.  7 

 8 

Likewise, larger precipitation events not only exert an event-based control on RW, but also a longer 9 

lasting regulation of runoff generation and stream isotope composition which exceeds the event 10 

duration. The influence of event size and antecedent conditions on mediating the effects of runoff 11 

generation and stream isotope composition have been reported for large events. For example, 12 

McGlynn et al., (2004) investigated the scale effect on runoff responses for two events from different 13 

sized catchments (0.26 - 0.8 km2) inside the Maimai catchment in New Zealand. Both events, (of 27 14 

mm and 70 mm) diluted tracer signals with the impact greatest in the large event and was most 15 

evident at larger scales. This is similar to what Didszun and Uhlenbrook (2008) reported, when also 16 

investigating the scale effect of runoff processes in different sized nested catchments (0.015 – 258 17 

km2) inside the Dreisam catchment in Germany. They also observed increasingly homogenous tracer 18 

signatures during large events across the micro- and smaller catchment (1 – 40 km2) and suggesting 19 

the prevalence of similar dominant runoff processes at all scales. 20 

 21 

Groundwater dynamics inside the micro-topography features 22 

In terms of the processes underpinning runoff generation in the micro-catchments, the water table 23 

and tracer responses of the hollows and hummocks also revealed some heterogeneity. In general, the 24 
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hollows had shallower groundwater and the isotopic composition tended to be more depleted and 1 

more prone to fractionation. However, the groundwater variability was also generally more marked 2 

in the hummocks. It is significant that the relationships in Figure 9 show that the wells with greatest 3 

groundwater variability tended to have the most variable isotope signatures and lowest alkalinity. 4 

Conversely, the less variable groundwater fluctuations which tended to be the hollows had the most 5 

consistent isotope signals and highest alkalinity. This suggests a more stable, persistent groundwater 6 

influence and efficient flow system for evacuating excess water.  In contrast, the more variable sites 7 

(mainly the hummocks) were generally drier but could be inundated in the largest events from upslope 8 

drainage. In this regard, similar hydraulic responses were reflected in the hollows and hummocks 9 

showing similar groundwater level hysteresis relative to stream flow, being dominated by clockwise 10 

loops indicating groundwater peaking before stream flow. This was occasionally reversed in some 11 

hollows which may be indicative of groundwater influxes from upslope continuing after the event.  12 

 13 

The role of the micro-topography was similar to that identified by Frei et al., (2010) who modelled a 14 

10 m x 20 m part of the RW in the Lehstenbach catchment, Germany. They showed the micro-15 

topography efficiently buffered rainfall; with modelling reproducing a fill and spill mechanism in the 16 

hollows during intensive rainfall which resulted in a shift from subsurface flow dominance to surface 17 

flow dominance. Moreover, they found that for steady rain input a stepwise development of the 18 

surface flow network occurred; whilst for variable rain input the surface networks would dynamically 19 

expand and shrink. Later work by Frei and Fleckenstein (2014) assumed higher water tables in 20 

hummocks resulted in shallow groundwater flow towards the hollows. However, others have reported 21 

more complex conditions with higher water tables in the hollows and shallow groundwater flows 22 

towards the hummocks. Malhotra et al., (2016) for example, investigating the relationship between 23 

groundwater levels and micro-topography features in a wetland at Mer Bleue, Canada, found that the 24 

water table was generally higher inside the hollows compared to the hummocks. In some locations 25 
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there was a strong relationship between groundwater table and its micro-topography features, whilst 1 

in others there was not. Eppinga et al., (2008) also found generally higher groundwater levels inside 2 

hollows. However, they also reported higher nutrient concentrations inside the hummocks suggesting 3 

that the nutrients are transported from the hollows to the hummocks. Given the dynamic nature of 4 

peatland surfaces and the diversity of peatland sites, such variation is not surprising and underlines 5 

the need for more small scale investigations, nested within larger catchment studies. In this regard, 6 

our work has raised new questions, particularly the need to extend micro-topography studies to better 7 

understand the longitudinal influence of upslope processes. 8 

 9 

Conclusion 10 

We used hydrometric monitoring, isotopes and other tracers to understand runoff generation 11 

processes in a large valley bottom riparian wetland in a catchment in the Scottish Highlands. Whilst 12 

the rainfall-runoff response of micro-catchments in the wetland, and associated hummock and 13 

hollows systems, showed some heterogeneity, they generally exhibited similar behaviour in terms of 14 

being mixing zones for groundwater seepage, with resident soil water and incoming precipitation. 15 

Spatial and temporal differences observed in the micro-catchments and in the micro-topography 16 

features reflected the differing relative influence of older groundwater (which tended to be 17 

isotopically depleted, more constant and enriched in alkalinity) and younger soil waters which had the 18 

isotopic imprint of recent precipitation, low alkalinity and occasionally showed evidence of 19 

evaporative fractionation. “Fill-and-spill” processes in the hollow and hummock systems occur during 20 

precipitation events and drive the increased connectivity between the riparian wetlands and river 21 

channel networks. More detailed longitudinal hydrometric and isotopic studies are needed along the 22 

permanent channels and ephemeral water tracks to better understand the evolution of these 23 

processes and try to integrate them in catchment models.  24 

 25 
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Tables:  1 

Table 1: Characteristics of the north (NFP) and south facing perennial micro-catchments (SFP), estimates of saturation extent are based on the empirical 2 

model of Birkel et al. 2011b. 3 

ID 

Catchment 
area 

Major 
source of 

water 

Description of flow 
characteristics 

Peat Peaty Gley 

Peaty 
podzol, 

ranker and 
Brown 
ranker 

Saturation 
extent - dry 

Saturation 
extent - wet 

Slope Tree cover 

[ha]   [% of Micro-catchment area] [°]  

NFP I 3.1 Spring 
All year long very 

strong flow 
18 15 67 26 34 11 no trees 

NFP II 5.3 
Large 

seepage area 

Mostly strong flow, 
little flow during 
dryer conditions 

2 28 70 1 34 11 no trees 

SFP I 5.7 
Network of 
connected 

pools 

Mostly strong flow all 
year, weaker during 

dry condition 
23 - 77 15 19 17 

> 293 m 
a.s.l. 

SFP II 3.8 Spring Strong flow all year 15 - 85 9 12 21 
> 293 m 

a.s.l. 

SFP III 3 Spring Strong flow all year 4 - 96 4 4 23 
> 260 m 

a.s.l. 

SFP IV 2.8 Pool 
Mostly strong flow all 
year, weaker during 

dry conditiond 
8 - 92 1 5 21 

> 293 m 
a.s.l. 

SFP V 0.08* Spring 
Very little flow all 

year 
38 - 62 0 13 12 no trees 

* Catchment area cut-off by a land rover track 4 
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Table 2: Characteristics of the wells of the micro-topography survey, all on peat soil and above granite 1 

and the drift deposit. All wells are around 255 m a.s.l. and all fully screened; the study site is located 2 

within the micro -catchment SFP II.  3 

ID 
Depth 

[cm] 

Distance to 

Stream [m] 

Distance to 

Outlet [m] 

Slope 

[°] 

Hollow I 50 110 723 6.3 

Hollow II 60 109 730 4.3 

Hollow III 60 110 733 3.3 

Hollow IV 60 100 738 3.7 

Hollow V 60 93 741 1.1 

Hummock 1 60 112 727 10.2 

Hummock 2 90 109 731 3.8 

Hummock 3 90 97 738 2.3 

Hummock 4 80 93 740 2.2 

Hummock 5 90 92 744 1.1 

 4 

 5 

 6 
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Table 3: Summary statistics (mean, median, standard deviation, standard error) for δ2H, δ18O and alkalinity of the perennial channels of north and south 

facing micro-catchments. 

ID 

Number 

of 

samples 

δ2H [‰] δ18O [‰] lc-excess [‰] Alkalinity [µEq. l-1] 

Mean Median 
Std. 

dev. 

Std. 

error 
Mean Median 

Std. 

dev. 

Std. 

error 
Mean Median 

Std. 

dev. 

Std. 

error 
Mean Median 

Std. 

dev. 

Std. 

error 

Precipitation 210 -56.3 -52.2 24.6 1.7 -7.8 -7.3 3.1 0.2 -1 -2 5 0 - - -  

Stream 397 -57.8 -57.5 2.4 0.1 -8.5 -8.5 0.4 0 2 2 2 0 - - -  

NFP IDaily 276 -59.7 -59.7 2.2 0.1 -8.8 -8.9 0.4 0 3 3 2 0 - - -  

NFP I 31 -60.7 -60.3 1.3 0.2 -9 -9 0.3 0.1 3 3 2 0 175.5 183.3 50.3 8.6 

NFP II 35 -57.3 -56.4 3.8 0.6 -8.4 -8.4 0.6 0.1 2 2 2 0 101.2 95.4 65.6 11.3 

SFP I 35 -55.8 -55.7 4 0.7 -8 -8 0.8 0.1 0 0 3 1 255.5 267.1 113.2 19.4 

SFP II 35 -57.9 -57.7 2.1 0.4 -8.4 -8.4 0.4 0.1 1 1 1 1 137.4 144.1 37.1 6.4 

SFP III 34 -59.5 -59.5 1.3 0.2 -8.8 -8.8 0.3 0.1 2 3 1 0 79.7 77.8 20.7 3.6 

SFP IV 34 -60 -60 1 0.2 -8.9 -8.9 0.3 0.1 3 3 1 0 96.8 100 26.8 4.6 

SFP V 34 -57.6 -58 2.4 0.4 -8.3 -8.4 0.5 0.1 1 1 2 0 100.5 98.7 35.6 6.1 
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Table 4: Statistics of the shallow groundwater wells inside the micro-topography features showing the 

minimum, maximum, mean, standard deviation, topography wetness index and the dominant moss 

vegetation. The groundwater levels are in reference to the ground surface at well Hummock 2, which 

had the highest local elevation.  

ID 

Groundwater level 

TWI 
Dominant species in 

vicinity Min Max Mean Median 
Std. 

dev 

[cm] [cm] [cm] [cm] [cm] [-] 
Sphagnum (S.) & 

Warnstorfia (W.) 

Hollow I -33.8 -27.2 -31 -31.1 1.1 -33.8 S. capillifolium 

Hollow II -27.8 -12.4 -18 -17.7 2.3 -27.8 

S. fimbriatum,  

S. capillifolium,  

S. papillosum 

Hollow III -37.3 -16.5 -27.5 -28 3.8 -37.3 S. fimbriatum 

Hollow IV -45.5 -36 -40.9 -41 1.9 -45.5 S. fimbriatum 

Hollow V -34.1 -25.5 -28.7 -28.4 1.3 -34.1 S. fimbriatum 

Hummock 1 -45 -31 -38.2 -38 2.6 -45 S. papillosum 

Hummock 2 -35.5 -11.2 -30.1 -30.6 2.9 -35.5 S. papillosum 

Hummock 3 -50.1 -28.4 -45.2 -45.6 2.5 -50.1 S. capillifolium 

Hummock 4 -42.2 -31.4 -36.9 -37.1 1.5 -42.2 S. papillosum 

Hummock 5 -38.2 -17.7 -30.7 -30.9 2.9 -38.2 W. sarmentosa 
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Table 5: Summary statistics (mean, median, standard deviation & standard error) for δ2H and δ18O for the micro topography wells. 

ID 

Number 

of 

samples 

δ2H [‰] δ18O [‰] lc-excess [‰] 
Alkalinity  

[μEq l-1] 

Mean Median 
Std. 

dev. 

Std. 

error 
Mean Median 

Std. 

dev. 

Std. 

error 
Mean Median 

Std. 

dev. 

Std. 

error 
sampled once 

Precipitation 210 -56.3 -52.2 24.6 1.7 -7.8 -7.3 3.1 0.2 -1 -2 5 0 - 

Stream 397 -57.8 -57.5 2.4 0.1 -8.5 -8.5 0.4 0 2 2 2 0 - 

Hollow I 7 -60.2 -60.4 0.8 0.3 -9 -9 0.1 0 3 3 1 0 141.7 

Hollow II 7 -54.5 -54.9 4.1 1.5 -7.9 -7.9 0.7 0.3 0 0 2 1 3.7 

Hollow III 7 -55.7 -56.5 4 1.5 -8.2 -8.4 0.6 0.2 2 2 1 0 -6.4 

Hollow IV 7 -57.6 -57.9 1.4 0.5 -8.5 -8.5 0.3 0.1 2 2 2 1 231 

Hollow V 7 -56.3 -56.5 0.6 0.2 -8.2 -8.2 0.3 0.1 1 1 2 1 293.6 

Hummock 1 7 -57.6 -57 2.2 0.8 -8.3 -8.4 0.4 0.2 1 1 1 0 31.2 

Hummock 2 7 -56.5 -57.3 1.9 0.7 -8.3 -8.3 0.3 0.1 1 2 1 0 32.5 

Hummock 3 7 -54.3 -55.6 2.6 1.0 -7.96 -8 0.4 0.2 1 0 1 0 156.6 

Hummock 4 7 -55.6 -55.6 1.1 0.4 -8 -8.1 0.2 0.1 1 0 1 0 247.1 

Hummock 5 7 -58.2 -58.6 3.4 1.3 -8.3 -8.3 0.6 0.2 1 1 2 1 118.1 
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Table 6: Summary statistics for the eight hysteresis events showing the pre-event discharge (Qpre), the peak discharge of the event (Qmax), total amount of 

Rain during the event (Ptotal), the amount of rain seven days prior to the event (P7), the pre-event groundwater level in the wells (pre), the highest recorded 

water table during the event (max) and the groundwater table difference (Δ = max- pre), the groundwater level is in respect to the ground surface at well 

Hummock 2, bold values indicate highest value across the eight events. 

Event Start End 
Q pre Q max P total P 7 

Hollow I Hollow II Hollow III Hollow IV Hollow V 

pre max Δ pre max Δ pre max Δ pre max Δ pre max Δ 

[m3/s] [m3/s] [mm] [mm] [cm] [cm]  [cm] [cm]  [cm] [cm]  [cm] [cm]  [cm] [cm]  

1 24/10/15 27/10/15 0.03 0.18 13.1 2.5 - - - -24.4 -17.1 7.3 -32.5 -21.5 11 -43.3 -39.6 3.7 -32.2 -29.1 3.1 

2 15/12/15 19/12/15 0.08 0.39 16.4 19.5 - - - -17.5 -15.4 2.1 -27.6 -19.4 8.2 -39.5 -38.3 1.2 -28.1 -27.1 1 

3 22/01/16 24/01/16 0.04 0.17 5.8 1.8 -31.6 -31.5 0.1 -17.5 -16 1.5 -28.4 -22 6.4 -39.5 -37.9 1.6 -27.8 -27.2 0.6 

4 16/02/16 19/02/16 0.03 0.31 8.8 4.5 -31.6 -31 0.6 -17.5 -15.1 2.4 -26.5 -18.7 7.8 -40.7 -38.4 2.3 -28.3 -27.1 1.2 

5 22/05/16 25/05/16 0.01 0.23 16.3 13.5 -31.7 -30.8 0.9 -18.1 -13.3 4.8 -29.4 -18.7 10.7 -42.4 -38.7 3.7 -28 -25.6 2.4 

6 14/06/16 23/06/16 0.01 0.68 70.2 15.2 -32.8 -27.2 5.6 -17.5 -12.9 4.6 -31.9 -17 14.9 -42.3 -37.5 4.8 -28.9 -25.9 3 

7 11/07/16 12/07/16 0.03 0.41 9.9 23.3 -30.1 -29.6 0.5 -15.2 -13.2 2 -26.4 -20.3 6.1 -39.5 -37.3 2.2 -27.7 -26.3 1.4 

8 24/07/16 25/07/16 0.01 0.11 11.7 27.2 -29.2 -29 0.2 -16.4 -14.5 1.9 -28.1 -22.2 5.9 -39.3 -37.2 2.1 -27.9 -26.6 1.3 
                        

Event Start End 
Q pre Q max P total P 7 

Hummock 1 Hummock 2 Hummock 3 Hummock 4 Hummock 5 

pre max Δ pre max Δ pre max Δ pre max Δ pre max Δ 

[m3/s] [m3/s] [mm] [mm] [cm] [cm]  [cm] [cm]  [cm] [cm]  [cm] [cm]  [cm] [cm]  

1 24/10/15 27/10/15 0.03 0.18 13.1 2.5 -44 -37.6 6.4 -32.7 -24.6 8.1 -48.6 -40.7 7.9 -40.2 -37.3 2.9 -36.9 -26.6 10.3 

2 15/12/15 19/12/15 0.08 0.39 16.4 19.5 -38.4 -33.6 4.8 -31.7 -20.6 11.1 -45 -39 6 -36.8 -35.4 1.4 -30.8 -25 5.8 

3 22/01/16 24/01/16 0.04 0.17 5.8 1.8 -37.6 -34.6 3 -32 -23.8 8.2 -45.4 -42.5 2.9 -36.5 -35.9 0.6 -31.2 -28 3.2 

4 16/02/16 19/02/16 0.03 0.31 8.8 4.5 -37.6 -32.8 4.8 -31.9 -19.9 12 -45.6 -41.1 4.5 -36.8 -35.8 1 -29.3 -23.9 5.4 

5 22/05/16 25/05/16 0.01 0.23 16.3 13.5 -39 -33.5 5.5 -31.9 -21.2 10.7 -45.9 -35.3 10.6 -37 -34.9 2.1 -29.2 -20.4 8.8 

6 14/06/16 23/06/16 0.01 0.68 70.2 15.2 -40.6 -32.5 8.1 -30.7 -14.6 16.1 -46.3 -32 14.3 -36.1 -33 3.1 -29.3 -19.3 10 

7 11/07/16 12/07/16 0.03 0.41 9.9 23.3 -36.4 -33.8 2.6 -27.4 -22.5 4.9 -44 -37.8 6.2 -33.9 -32.2 1.7 -24.8 -19.5 5.3 

8 24/07/16 25/07/16 0.01 0.11 11.7 27.2 -35.9 -33.6 2.3 -29.3 -26.6 2.7 -43.5 -38.1 5.4 -33.3 -31.6 1.7 -24.5 -19.5 5 
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Table 7: Hysteresis Index (HILL) values for the 8 different events (E1-8); negative values indicate anticlockwise and positive values clockwise behaviour; the 

values can range from -1 to 1 and large values indicate the “fatness” of simple loops; Dir = hysteresis direction, A = anti-clockwise, C = clockwise, 8 = indicating 

a figure-of-eight shape and ** = indicating a more complex shape. 

Event 
Hollow I Hollow II Hollow III Hollow IV Hollow V Hummock 1 Hummock 2 Hummock 3 Hummock 4 Hummock 5 

HILL [-] Dir HILL [-] Dir HILL [-] Dir HILL [-] Dir HILL [-] Dir HILL [-] Dir HILL [-] Dir HILL [-] Dir HILL [-] Dir HILL [-] Dir 

1 - - 0.03 C 0.09 C 0.5 C 0 C 0.2 C 0.37 C 0.29 C 0.11 C 0.5 C 

2 - - 0.57 C8 -0.02 A 0.2 C 0 C 0.1 C8 0.39 C 0.24 C 0.44 C 0.3 C 

3 0.37 C 0.49 C -0.17 A 0.3 C 1 C 0.1 C 0.13 C8 0.19 C 0.58 C 0.2 C 

4 -0.3 A 0.61 C 0.09 C 0.2 C 0 C 0.5 C 0.54 C 0.38 C 0.46 C 0.5 C 

5 -0.5 A 0.27 C 0.19 C 0.1 C 0 C 0.1 C 0.35 C 0.47 C 0.43 C 0.5 C 

6 -0.5 A 0.27 C 0.19 C 0.1 C** 0 C** 0.1 C** 0.35 C** 0.47 C** 0.43 C** 0.5 C** 

7 0.31 C 0.35 C 0.28 C -0.1 A8 1 C 0.5 C 0.36 C 0.54 C 0.38 C 0.5 C 

8 0.32 C 0.4 C 0.15 C8 -0.2 A8 0 C 0.5 C 0.07 C8 0.48 C 0.33 C 0.4 C 
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Figures:  

 

Figure 1: a) The underlying bedrock with the extent of the drift deposits and b) the soil map of the 

Bruntland Burn catchment; c) Sample locations (outlets) of the north facing perennial micro-

catchment (NFP I-II, yellow squares), the south facing perennial micro-catchments (SFP I - V, orange 

squares) and south facing ephemeral water tracks (SFE 1 – 13, green circles) leading to the stream; 

the red square indicates the location of the micro-topography well cluster; the purple structures are 

large heather cover hummocky moraines;  d) & f) photos of the micro-topography well cluster with 

wells insight the micro-topography features hummocks (reddish) and hollows (green). 
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Figure 2: a) Topography of the Bruntlund Burn in 25 m increments and the minimal (yellow) and 

maximal (grey) extent of the saturated area; b) Catchment areas of the mirco-catchments; c) detailled 

field observation of the area between the SFP II and SFP III micro-catchments, concluding that the 

catchment delinenation from ArcGIS correct; Green (Hollow 1 - 5) and red (Hummock I - V) circles 

represent the locations of the the micro-topography wells inside SFP II’s catchment. 
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Figure 3: a) Daily precipitation and discharge at the catchment outlet; b) Groundwater time series 

from the riparian zone (brown) and the upper hillslope (green); c) δ2H values from the sampled north 

and south-facing micro-catchments (NFP I, II, SFP I- V) together with the isotopic composition of the 

stream water and the precipitation (2nd y-axis); d) lc-excess for all perennial channel samples from the 

micro-catchments, the stream and the precipitation (2nd y-axis); e) alkalinity.  
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Figure 4: Isotopic composition of the collected precipitation samples (black) with the global (GMWL, 

black solid line) and the local meteoric water line (LMWL, black dashed line); and the stream water 

(SW) samples (blue), the samples from the perennial micro-catchment channels  grouped together 

(red) and ephemeral water track (EWT) samples grouped together (green) with their respective 

regression lines (below caption); All circles are half‐transparent to emphasis overlapping values; a) 

Samples of difference sources during the study period from the  1st August 2015 – 31st August 2016; 

b) boxplot of δ2H; c) the boxplots of δ18O values; Equations of the regression lines can be found in the 

supplementary Table S2. 
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Figure 5: Water samples from the catchment during the study period from the 1st August 2015 – 31st 

August 2016 shown in a dual-isotope plot including the global (GMWL, black solid line) and local 

meteoric water line (LWML, black dashed line) and supplemented by the respective boxplots for δ2H 

(b, left) and δ18O (c, bottom); a.1) enlarged dual-Isotope plot with the respective regression lines for 

precipitation (black), stream water (SW, blue), NFP I (red), NFP II (dark green), SFP I (turquoise), SFP II 

(purple), SFP III (green) SFP IV (orange), SFP V (brown); all circles are half‐transparent to emphasis 

overlapping values; a.2) shows the full isotopic range in the precipitation. Equations of the regression 

lines can be found in the supplementary Table S2. 
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Figure 6: a) Daily precipitation and discharge for the study period with vertical lines indicating the 35 

sampling dates for the micro-catchments, the line colours of each sampling date in a) corresponds to 

the colours of the boxplots for b) δ2H, c) lc-excess and d) alkalinity indicating the individual sampling 

dates of the micro-catchments.  
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Figure 7: a) Daily precipitation and discharge; levelled groundwater levels b) insight the hollows; and 

c) insight the hummocks. 0 cm represent the ground surface of Hummock 2 which had the highest 

elevation of all micro-topography wells and serves as reference height for the wells. The inset d) shows 

boxplots of the water table inside the wells in the different micro-topography features sorted from 

highest to lowest location in respect to the local slope towards the stream. The vertical red dashed 

lines indicate the sampling dates. The grey vertical rectangles indicate the dates of the hysteresis 

events (E 1 to E 8). 
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Figure 8: Water samples from the micro-topography wells from 1st August 2015 – 31st August 2016 

including the global (GMWL, black solid line) and local meteoric water line (LWML, black dashed line) 

and boxplots for δ2H (b) and δ18O (c); a.1) enlarged plot with the respective regression lines for 

precipitation (black), stream water (SW, blue), Hollow I (purple), Hollow II (dark blue), Hollow III 

(green), Hollow IV (yellow), Hollow V (dark orange), Hummock 1 (light blue), Hummock 2 (brown), 

Hummock 3 (dark green), Hummock 4 (light green), Hummock 5 (orange); a.2) shows the full isotopic 

range in precipitation; all circles are half‐transparent to emphasise overlapping values. Equations of 

the regression lines can be found in the supplementary Table S2. 
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Figure 9: Relationships for the micro-topography wells between a) the standard deviations of the 

depth to water table values vs the standard deviations of their δ2H values with regression line (y = 

1.34x - 0.7, R2 = 0.65, p < 0.005) and, b) the standard deviations of the depth to water table values vs 

alkalinity with regression line (y = -104.93x + 353.6, R2 = 0.57, p < 0. 05). 
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Figure 10: Hysteresis plots of normalized stream discharge vs depth to water tables during event 1 

(circles) between October 24th – October 27th 2015 and event 5 (triangles) between May 22nd– May 

25th2016; The logger in Hollow 1 was malfunctioning during event 1. 
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Appendix – Supplementary Tables 

Table S1: Identified moss species with their usual place of occurrence and its general chemistry according to literature; and field observations near which 

well they were identified as well as the mean water level insight the respective well.   

Species Habitat Chemistry Places 

Micro-

topography 

feature 

mean water level 

below ground 

surface [cm] 

dominate 

feature 

Sphagnum 

fimbriatum 

damp places(bbsfieldguide) 
moderately enriched with 

nutrients (bbsfieldguide) 

fens, juncus mires  

(bbsfieldguide) 
Hummock 1 -29 Hummock 

hummock, lawn (Vitt, 2014) 
moderate-rich fens, pH 6-8 

(Vitt 2014) 
 Hummock 2 -30.6  

   Hummock 3 -32.2  

   Hummock 4 -15  

Sphagnum 

capillifolium subs. 

capillifolium 

well-drained mineral soil, shallow 

peat in humid places, Heather 

dominated banks (bbsfieldguide) 

poor in fens with low Ca, 

electric conductivity, Mg 

(Gignac & Vitt, 1990) 

bogs, heathlands 

(bbsfieldguide) 
Hummock 4 -15 Hummock 

hummock(Vitt, 2014) 
poor and rich fens, pH 3-5 

(Vitt, 2014) 
 Hummock 5 -29.4  

   Hollow III -12.3  

Warnstorfia 

sarmentosa 

near flushes, springs  

(bbsfieldguide) 

base-rich, mineral rich fens 

(bbsfieldguide) 
 Hollow I -0.1 Hollow 

Sphagnum 

papillosum 

beside flushes  (bbsfieldguide) 

poor fens, low Ca, electric 

conductivity, Mg (Gignac & 

Vitt, 1990) 

raised/blanket bogs, 

mires (bbsfieldguide) 
Hollow II -5.8 Hollow 

lawn (Vitt, 2014) poor fens, ph 4-6 (Vitt 2014)  Hollow IV -2.5  

   Hollow V 4.7  

   Hummock 4 -15  
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Table S2: Regressions equations for the linear relationships shown in the dual-isotope plots (Fig. 4, 5 

and 9). 

 
Regression equations r2 Line colour and type Figure 

GMWL δ2H = 8 x δ18O + 10 - black, solid line 4, 5, 9 

LMWL δ2H = 7.6 x δ18O + 4.7 0.95 black, dashed line 4, 5, 9 

SW δ2H = 4.8 x δ18O - 17 0.73 blue, solid line 4, 5, 9 

Micro-
catchmentsgrouped 

δ2H = 4.6 x δ18O - 19.1 0.72 red, dashed line 4 

EWT δ2H = 4.5 x δ18O - 20.6 0.92 yellow, dashed line 4 

NFP I δ2H = 4.6 x δ18O - 18.6 0.64 red, dashed line 5 

NFP II δ2H = 5.2 x δ18O - 13.1 0.77 dark green, dashed line 5 
SFP I δ2H = 4.7 x δ18O - 17.5 0.88 turquoise, dashed line 5 

SFP II δ2H = 4.8 x δ18O - 17.8 0.8 purple, dashed line 5 

SFP III δ2H = 4.1 x δ18O – 22.8 0.75 green, dashed line 5 

SFP IV δ2H = 3.1 x δ18O – 32.1 0.63 orange, dashed line 5 

SFP V δ2H = 4 x δ18O – 24.1 0.7 brown, dashed line 5 

Hollow I δ2H = 3.7 x δ18O – 26.3 0.55 purple, dashed dotted line 9 

Hollow II δ2H = 5.7 x δ18O – 9.2 0.95 dark blue, dashed dotted line 9 

Hollow III δ2H = 6.6 x δ18O – 0.9 0.9 green, dashed dotted line 9 

Hollow IV δ2H = 3.2 x δ18O – 30.9 0.6 yellow, dashed dotted line 9 

Hollow V δ2H = 0.8 x δ18O – 49.3 0.1 dark orange, dashed dotted line 9 

Hummock 1 δ2H = 5.1 x δ18O – 14.7 0.9 light blue, dashed dotted line 9 
Hummock 2 δ2H = 6.4 x δ18O – 3.6 0.77 brown, dashed dotted line 9 
Hummock 3 δ2H = 6.3 x δ18O – 5.2 0.99 dark green, dashed dotted line 9 

Hummock 4 δ2H = 3.5 x δ18O – 27.8 0.74 light green, dashed dotted line 9 

Hummock 5 δ2H = 5.6 x δ18O – 11.4  0.86 orange, dashed dotted line 9 
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Appendix – Supplementary Figure 

Figure S1: a) Daily precipitation and discharge, b) δ2H, c) lc-excess and d) alkalinity of ephemeral 

water tracks in the catchment. Most ephemeral water tracks were only active as result of a 

succession of larger storm events during mid-December 2015 and early January 2016.  

 


