
1 
 

Modification and spatial variation of riverine nitrogen and dissolved 

organic carbon  concentrations due to beaver damming across 

Switzerland  

Annegret Larsen1, Kaspar Berger2, Christof Angst3, Cecile Auberson3, Natalie Ceperley2, Raphael 

dôEpagnier2, Christopher Robinson4, Bettina Schaefli2, Joshua Larsen5 

1Soil Geography and Landscape, Wageningen University and Research, Droevendaalsesteeg 3, 

6708 PB  Wageningen, Netherlands, 2 Hydrologie, Universität Bern, Geographisches Institut, 

Hallerstrasse 12, 3012 Bern, Schweiz, 3 Nationales Daten- und Informationszentrum der 

Schweizer Fauna (info fauna), Avenue de Bellevaux 51, 2000 Neuchâtel, Schweiz, 4Eawag, 

Überlandstrasse 133, 8600 Dübendorf, Schweiz 5School of Geography, Earth and Environmental 

Sciences, University of Birmingham, Birmingham B15 2TT, UK 

 

Contents 
Modification and spatial variation of riverine nitrogen and dissolved organic carbon concentrations 

due to beaver damming across Switzerland ................................................................................ 1 

Summary ................................................................................................................................. 2 

1.1 Introduction ................................................................................................................... 3 

1.2 Objectives ..................................................................................................................... 4 

1.3 Design of the field survey, laboratory measurements, spatial analysis and geostatistics5 

1.4 Descriptive statistics results .......................................................................................... 9 

1.5 Water quality ............................................................................................................... 10 

1.5.1 Nitrate .................................................................................................................. 10 

1.5.2 Dissolved Organic Carbon (DOC) ........................................................................ 12 

1.5.3 Suspended sediment load .................................................................................... 14 

1.5.4 Stable water isotopes (ŭ2H (deuterium), ŭ18O (oxygen)) ..................................... 15 

1.5.5 Other water chemistry parameters (including Ammonium) ................................... 15 

1.5.6 The influence of beaver dam reaches on water quality ......................................... 16 

1.5.7 Correlation analysis .............................................................................................. 17 

1.6 The role of connected beaver wetlands ....................................................................... 20 

Connected beaver wetlands as a key for water quality improvement ......................................... 22 

Bibliography .............................................................................................................................. 22 

Appendix ................................................................................................................................... 23 



2 
 

Appendix A: Instructions water sampling (info fauna ï Biberfachstelle 2020) ......................... 23 

Appendix B: Catchment delineation ....................................................................................... 26 

Appendix C: GIS volume calculation tools .............................................................................. 29 

Appendix D: Area statistics Switzerland - Standard nomenclature NOAS04 .......................... 31 

Appendix E: DS - US nitrate concentrations in winter and summer (with outliers) .................. 32 

Appendix F: Relative changes in nitrate concentrations ......................................................... 33 

Appendix G: DS - US DOC concentrations (outlier values > 2 mg/l)....................................... 34 

Appendix H: Relative changes in DOC concentrations ........................................................... 35 

Appendix I: Results ammonium analysis ................................................................................ 36 

Appendix J: Concentrations in beaver dam reaches only sampled in one season .................. 41 

Appendix K: Results stable isotope analysis .......................................................................... 45 

Appendix L: Median water quality concentrations .................................................................. 46 

Appendix M: Corr. US concentrations and catchment characteristics .................................... 48 

Appendix N: Corr. concentration changes and beaver reach characteristics .......................... 50 

Appendix O: Corr. with land use in buffer polygon ................................................................. 52 

Appendix P: Nitrate and DOC concentration changes for wetlands ........................................ 53 

Appendix Q: 14 wetland beaver dam reaches ........................................................................ 54 

Appendix R: Comparison wetland vs. nitrate source beaver dam reaches ............................. 55 

 

Summ ary 

Swiss streams, especially smaller ones, suffer from poor water quality (BAFU, 2022). The goal of 

this study was to assess the spatial and seasonal variability of beaver system impacts on nitrate 

and DOC (dissolved organic carbon) concentrations, as well as to determine whether there are 

clear physical characteristics of beaver systems that can help explain the extent of changes in 

these nutrients. This impact is assessed by comparing nitrate and DOC concentrations measured 

upstream and downstream of 164 beaver systems across Switzerland in two temporal windows, 

winter 2021/22 and summer 2022. Despite considerable variability, a predominant trend emerges 

from the data, indicating a prevalent decrease in nitrate levels during both summer and winter. 

Simultaneously, a substantial majority of the sites exhibit an increase in Dissolved Organic Carbon 

(DOC), with the most pronounced uptick occurring notably in the summer season. This constitutes 

a noteworthy result, underscoring the widespread occurrence of these trends on a large scale, 

albeit acknowledging substantial variability attributable to site-specific characteristics. We could 

not identify a significant beaver system character determining the extent of nitrate removal or DOC 

gain. However, land use analysis in the direct surroundings of the beaver dam reaches (buffer 

polygons of 5 m, 10 m, 25 m and 50 m) revealed that the extent of nitrate removal and DOC gain 
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is significantly determined or at least co-determined by the proportion of wetland conditions in 

these buffer areas. The extent of anaerobic conditions and vegetation in wetlands reduces nitrate 

concentrations and increases DOC concentrations due to enhanced ecosystem productivity. We 

interpret these findings that the ability of beaver systems to induce changes in water quality is not 

primarily dependent on specific beaver system characteristics such as length of the beaver reach, 

slope, water volume, water residence time, discharge, dam age or number of dams. Rather, it is 

primarily determined by the beaversô capability to influence the local floodplain through damming 

and raising water levels sufficiently to create lentic wetland habitat. In summary, beavers can 

reliably improve water quality if given the space in landscape settings with low river slopes and 

floodplains.  

 

1.1 Introduction  

The construction of dams by beavers creates a new mix of flowing and ponded water, which 

encourages new ecosystem habitats and biogeochemical pathways. In particular, there is an 

expansion in water interfaces that are anaerobic or depleted in dissolved oxygen. Given riverine 

water quality is highly dependent on these biogeochemical pathways, a key question is then how 

beaver dams may impact critical pollutants such as nitrogen in river systems. Beaver dam 

cascades and meadows are known to have the capacity to decrease nitrogen loads in river 

systems, yet the factors determining the extent of this decrease between different river systems 

remain unclear. The capacity for beavers to influence the concentrations of important pollutants is 

clear from the available literature (summarized in Larsen et al., 2021).  

Nitrogen concentrations can be divided into nitrate (NO3-) and ammonia (NH4+). Nitrite is also an 

intermediate species that is negligible for nitrogen loads in natural rivers. Nitrate concentrations 

are consistently, though not uniformly, lower downstream of beaver dam systems. This can be 

attributed to a combination of 1) increased spatial extents of anaerobic metabolism and therefore 

denitrification, which converts NO3- to N2 (gas), allowing nitrogen to be lost to the atmosphere, 

and 2) biomass uptake, especially by macrophytes and biofilms. High nitrate concentrations are a 

major pollution concern, especially across the fertilized regions of Switzerland, thus the potential 

capacity for beaver dammed river system to diminish this pollution load could be a large natural 

benefit that is essential for ecosystem and water quality managers to understand. Ammonia 

concentrations tend to increase downstream of beaver dams, likely due to the increased 

breakdown of organic matter in beaver ponds and wetlands which can also generate NH4+. Given 

NH4+ is usually converted in well oxygenated rivers to NO3- via nitrification processes, this may 

offset to some extent the reductions in NO3- due to denitrification. However, the extent of this 

difference is poorly known, and the seasonal (winter vs summer) and Swiss wide sampling 

conducted by this project, in addition to sampling for organic nitrogen, provided critical information 

on the interplay between NO3- and NH4+ that then determines the overall impact that beaver 

systems have on nitrogen pollution. 
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Separately, although it is clear beaver dams have an impact on dissolved organic carbon in rivers, 

there is variation in the data and a need to understand the origin and quality of the dissolved 

organic carbon downstream to identify the benefits of beaver dam reaches for the aquatic food 

chain. In this project we establish the first large scale spatial analysis of water quality changes due 

to beaver dams. Given the increasing extent of beaver dams across Swiss river networks, the 

capacity for these dams to provide natural benefits to pollution problems, especially in the case of 

nitrogen loads, is essential information that can improve the decisions of beaver managers, policy 

makers, and land users in Switzerland. 

 

Figure 1: Conceptual model of beaver impacts on biogeochemistry and water quality (Larsen et al., 2021). 

 

1.2 Objectives  

This study was part of the national beaver project "Functionality of the beaver's damming activity 

in the landscape - a project to strengthen the ecological infrastructure" of the Federal Office for 

the Environment (Angst & Auberson in prep.). The aim of the national beaver project is to evaluate 

the potential of the beaver in the context of expanding and strengthening the ecological 

infrastructure (assessment of the ecosystem services provided and clarification of the influence of 

the beaver on biodiversity in different types of water bodies).  Here, we evaluate how much water 

quality is influenced by beaver systems, what the spatial variation is across Switzerland, and finally 

which beaver dam systems might be most effective in delivering the important ecosystem service 

of water quality improvement. More specifically, we determine what the spatial and seasonal 

patterns of riverine nitrate and DOC concentrations are upstream and downstream of beaver dam 
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systems throughout Switzerland, and which characteristics of beaver dam systems (water 

residence time, number of dams, slope of the beaver reach, etc.) determine the extent of beaver 

dam system impacts on riverine nitrate and DOC concentration.  

 

1.3 Design of the field survey, laboratory measurements, spatial analysis  and 

geostatistics  

This study made use of the 2021/22 national beaver census (Angst et al. 2023). From December 

2021 to April 2022, 313 volunteers surveyed 7ô000 km of the Swiss river network to identify signs 

indicative of beaver presence. Following a citizen science approach, the volunteers also collected 

water samples upstream and downstream of beaver systems following a strict protocol, in-person 

training, and instructional videos. In order to examine seasonal variability, the same sites were 

resampled in summer 2022 by 4 student assistants/civil servants.  

 

 

 

 

 

The nutrient and DOC winter samples were measured by EAWAG. During the summer campaign, 

EAWAG measured 261 samples, while 90 samples were measured at the cLab Berne. Nutrient 

and DOC samples required analysis within two weeks after being collected in order to minimize 

potential alterations caused by microbial processes. All ammonium samples were measured at 

EAWAG using colorimetric determination. All other nutrients were measured using ion 

chromatography, and encompassed Sodium (Na+), Magnesium (Mg2+), Calcium (Ca2+), Potassium 

(K+), Fluoride (F-), Chloride (Cl-), Bromide (Br-), Nitrate (NO3
-) and Sulfate (SO4

2-). Dissolved 

organic carbon (DOC) was measured using catalytic combustion. Because 2 laboratories were 

used, 10 samples were measured in both laboratories to better understand potential discrepancies 

Sampling locations for single beaver 
dams, beaver dams with bypassing 
channels, and beaver dam cascades 
(info fauna - Biberfachstelle, 2021a). 
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between measurement devices. This exhibited a linear difference between DOC measurements, 

which could be correct through the factor 1.4. In order to better understand water residence time 

and evaporation in the beaver dam reaches, measurements of ŭ18O (ă), ŭ2H (ă), ŭ17O (ă) and 
17O-excess composition for US (upstream) and DS (downstream) samples were conducted using 

a Cavity Ringdown Spectrometer (CRDS) at cLab Berne. Data was entered into a hydro calculator 

based on Skrzypek et al. (2015), which allows an estimation of evaporation based on the hydrogen 

and oxygen stable isotope composition of inflowing and outflowing water in a pond. Sediment load 

samples were filtered with a the 0.22 µm, dried and weighed. The weight was normalized by the 

water sample weight, from which sediment load was calculated.  

For all DS sampling locations, catchments were delineated in order to estimate discharge during 

sampling times for each sampling location using the conceptual, processed-based PREVAH 

model following Brunner et al. (2019).  Catchment delineation was based on the pre-existing 

dataset ñFliessgewªsserò and the TLM3D from swisstopo (downloaded 2022) using ArcGIS10. 

Where catchment polygons were affected by urban canalization of surface water, catchments 

were modified manually based on the digital elevation model (DEM, see below for specification).   

For nominal water residence time calculation, beaver pond volume was estimated using a high 

resolution lidar dataset and the beaver dam height, which was measured in the field. The volume 

between a designated plane height and the surface derived from the DEM was computed in both, 

ArcGIS10 and QGIS, which should represent the maximum water volume in the pond. This method 

was validated by field surveys of 6 very different beaver pond locations. In order to examine the 

potential impacts of river slope and length on water quality, distance and slope of the river reach 

between the US and DS sampling location was computed. As the main driver of reduced water 

quality is land-use, an existing dataset assigning each hectare in Switzerland to four main land-

use categories (settlement areas, agricultural areas, forest areas and non-productive areas) and 

72 subcategories (BFS, 2006) was clipped to the catchment area of each sampling point and 

quantified. Using the swissTLM3D from swisstopo (downloaded 2022) dataset, ratios of existing 

ówetlandsô per catchment area was calculated, and land-use in the immediate surroundings (50 

m) of the beaver reach was quantified, merging the information into the 5 categories: stagnant 

water bodies, forest, wetland, anthropogenic, and agriculture. According to the product information 

of the swissTLM3D dataset, wetlands are defined as areas situated in the transitional zone 

between dry and permanently wet ecosystems. The term ñwetlandò encompasses various habitat 

types such as marshes, bogs, swamp forests, wet meadows, floodplains or fens. According to the 

information from swisstopo, wetlands were mapped in swissTLM3D based on older analogue 

maps, the peatland inventory from BAFU, cadastral surveys, and clearly visible wet areas mapped 

based on aerial photographs. In order to investigate the effect of different land use with various 

distances to the river, buffer polygons of 5 m, 10 m, 25 m and 50 m around the Swiss river network 

from swisstopo (downloaded 2022) was created. The proportion of the five land use categories 

within the buffer areas were determined using ArcMap and QGIS (see Appendix for more 

information). The time period during which the beavers having been occupying a site could also 

be relevant for water quality impact, but is difficult to estimate due to differences in beaver dam 
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monitoring of regional authorities, and inaccuracies of GPS-coordinates. However, it is possible 

to determine whether the beaver reach was already occupied by beavers in previous beaver 

surveys. 

To analyze the statistical relationship between the environmental variables described above and 

the water quality measurements, we first compared winter and summer US concentrations, beaver 

dam reaches with increasing and decreasing concentrations in summer and in winter, the 

magnitude and spatial pattern of water quality indicator increase and decrease. To explore the 

dataset further, we then subdivided the beaver dam reaches into subdatasets with the goal to form 

categories with high contrasts such as ñnitrate and DOC decreases in both seasonsò and ñnitrate 

and DOC increases in both seasonsò. Following the Gewaesserschutzverordnung (Bundesrat 

1998), the category ñnitrate > 25 mg/lò was chosen in order to examine the characteristics of 

beaver systems with nitrate concentrations classified as óhighô for surface water. Please note that 

due to the citizen size approach and the complexity of water sample storage requirements, each 

analysis produced datasets which vary in number of beaver dam reaches.  The category ñAllò in 

table 1 (153 beaver dam reaches) contain beaver dam reaches including all types of analysis, and 

are hence used for further comparison. 

Table 1: Subdatasets 

Subdatasets  Explanation  Number of beaver 

dam reaches  

All  
All  beaver dam reaches with a complete dataset in 

summer and winter 
153 

NO3: -- 
Beaver dam reaches with decreasing nitrate 

concentrations in summer and winter 
65 

NO3: ++ 
Beaver dam reaches with increasing nitrate  

concentrations in summer and winter 
32 

NO3 (S, US) 

> 25 mg/l  

Beaver dam reaches with US summer nitrate  

concentration > 25 mg/l  (limit for Swiss rivers) 
17 

NO3: --  

DOC: ++ 

Beaver dam reaches with decreasing nitrate  and 

increasing DOC  concentrations in summer and 

winter  

24 

DOC: ++ 
Beaver dam reaches with increasing DOC  

concentrations in summer and winter 
47 

DOC: -- 
Beaver dam reaches with decreasing DOC 

concentrations in summer and winter 
31 

 

Then, the dataset was separated into 3 categories to identify a relationship between US 

concentrations of nitrate/DOC, the increase/decrease of nitrate/DOC concentrations between the 

US and DS sampling location, and the land use in the buffer area of the river between US and DS. 

To determine the significance of the Pearson correlations a t-test was performed. A significance 
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level of 0.05 is considered. If the resulting p-value is lower than 0.05, the correlation is deemed 

significant.  

Table 2: Overview over performed analysis 

Characteristics of the 

catchment or the US sampling 

location which (may) control 

the US concentrations of 

nitrate or DOC 

Beaver system characteristics 

which (may) cause an 

increase or decrease in nitrate 

and DOC concentration within 

the beaver system: 

 

Land use in the direct 

surrounding of the river 

between US and DS 

¶ Altitude of the US 

water sampling  

location 

¶ Mean catchment 

altitude 

¶ Discharge 

¶ Catchment size 

¶ Land use in catchment 

¶ Stable isotope 

composition 

¶ Ammonium, sodium, 

magnesium, calcium, 

potassium, fluoride, 

chloride, bromide and 

sulfate concentrations 

US 

 

¶ Distance 

¶ Slope 

¶ Water volume 

¶ Water residence time 

¶ Discharge 

¶ Dam age 

¶ Number of dams 

¶ Temperature 

differences between 

US and DS 

¶ Differences in the 

stable isotope 

composition between 

US and DS 

¶ Change in sodium, 

magnesium, calcium, 

potassium, fluoride, 

chloride, bromide and 

sulfate concentrations 

from US to DS 

¶ Stagnant water, 

Forest, Wetlands, 

Anthropogenic and 

Agriculture (buffer 50 

m, 25 m, 10 m and 5 

m) absolute area in the 

buffer polygon in m2 

Stagnant water, Forest, 

Wetlands, Anthropogenic and 

Agriculture (buffer 50 m, 25 m, 

10 m and 5 m) percentage of 

the buffer polygon area 

 

Based on the initial findings, it became evident that wetlands within the buffer polygons of the 

beaver dam reaches have a significant impact on reducing nitrate concentrations and increasing 

DOC concentrations. 25 beaver dam reaches were identified as having a certain proportion of 

wetland area within the 50 m buffer polygon. These beaver dam reaches were categorized into 

two groups in order to investigate potential impacts of the connectivity between the wetland and 

river: Wetland directly connected to the water of the river (Figure 2 b), and wetland and river not 

directly connected, but separated by roads, trails, trees, etc. (Figure 2 a). 
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Figure 2a left, 2b right: Wetland-River connectivity. Classification of beaver dam reaches with wetlands in 
the 50 m buffer area into two categories. Background map: (swisstopo, 2018). 

 

1.4 Descriptive statistics results  

Analysis of beaver dam and reach data, water quality measurements, and environmental factors 

have highlighted that more than half of all beaver dams are located at an altitude between 400 to 

500 m asl and are lower than 0.5 m (The largest recorded dam was 2.5 m high). The comparison 

of water temperature differences between US and DS has shown a large scatter, but a general 

increase in temperature from US to DS of 0.24°C. Most of beaver dammed catchments are smaller 

than 10 km2, and average discharge of all sites during the winter campaign was 0.7 m3/s, and 0.2 

m3/s in summer. The majority of land use in the catchments is agriculture (56 %, 73ô332 hectares), 

28 % is forest, 15 % settlements, and 1 % are rivers and lakes. The water volume estimation 

showed that most (107) of all 165 beaver dam reaches have a water volume up to 500 m3. The 

largest beaver dam reaches have a water volume between 3ô000 and 3ô500 m3. The analysis of 

beaver reach length, slope and number of dams shows that most beaver dam reaches are under 

1 km length, and slope ranges between 0 and 7%, with a median at 0.6%. There is a tendency for 

the slope to decrease with increasing reach length, which is due to the backwater effect being 

larger the lower the slope. There are two beaver dams per beaver reach on average, with the 

highest recorded number of 19. From the 165 examined beaver dam reaches, 100 did not have 

any recorded presence of beaver dams in any previous surveys, and are hence considered ónewô. 

15 reaches were already occupied by beavers during the national beaver census in winter 2007-

2008. In 50 beaver dam reaches dams were mapped for the first time during cantonal surveys in 

the years from 2011 to 2020. The land use directly surrounding beaver dam reaches is 

predominantly composed of forest and agriculture. The proportion of forest tends to increase with 
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decreasing distance to the river, and the opposite is the case for agriculture. Stagnant water and 

wetland areas were mostly observed within 5 m to 10 m distance to the river. 

 

1.5 Water quality  

1.5.1 Nitrate 

Overall, Nitrate contents in surface water was on average higher in winter (median: 16.34 mg/l) 

than in summer (median: 12.76 mg/l). However, the highest concentrations reaching up to 100 

mg/l, occurred in summer season. When comparing nitrate concentrations US and DS of beaver 

dam reaches, nitrate concentrations can both, increase and decrease, but decreased more often. 

A decrease is more often observed during the summer season, where out of 158 nitrate 

measurements , 104 showed a decrease, while in winter, 89 out of 158 measurements indicated 

a decrease. 

 

Figure 3: DS ï US nitrate concentrations in winter and summer (all values ± 5 mg/l are not included for viaibility). 

Overall, nitrate concentrations appear to be generally higher on the Swiss plateau compared to 

the St. Gallen Rhine Valley or the Valais. Locations with high or low nitrate concentrations during 

winter also tend to maintain lower values during summer.  
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Figure 4: Change in upstream to downstream Nitrate concentration within all 164 measured beaver dam reaches in 

winter (top) and in summer (bottom). A general trend of decreasing nitrate is visible in summer as well as in winter, 

however in all areas both, increase and decrease of nitrate is possible.  
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1.5.2 Dissolved Organic Carbon (DOC) 

Overall, DOC concentration in surface water is higher in summer (2.78 mg/l) than in winter (1.98 

mg/l). In winter, beaver dam reaches have a negligible effect on DOC concentrations. In summer, 

most beaver dam reaches lead to an increase of DOC in the surface water 

  

Figure 5: xxxxx 
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Figure 6: DOC concentrations and changes in winter (top) and in summer (bottom). The observed trend of increasing 

DOC downstream of beaver dam reaches is visible in summer. All areas show both, increasing and decreasing 

tendencies. 
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Interpretation   

From the literature, we expected an increase in DOC concentrations through beaver systems. 

In this large-scale study, this increase was clearly observed in the summer data, where 97 out 

of 157 beaver dam reaches had higher DOC concentrations DS. However, in winter the number 

of beaver dam reaches with increasing (77) and decreasing (80) DOC concentrations is almost 

equal. This means, that higher DOC concentrations can be generally attributed to increased 

primary productivity in the beaver pond which is most pronounced during the summer months.  

 

 

1.5.3 Suspended sediment load 

134 beaver dam reaches in winter and 144 beaver dam reaches in summer were sampled for 

suspended sediment load. Low water levels prohibited the sampling in some cases. The median 

values in both seasons are slightly higher DS compared to US (US winter: 13.74 mg/l, DS winter: 

14.41 mg/l and US summer: 12.65 mg/l, DS summer: 14.93 mg/l). In winter, 74 out of the 134 

beaver dam reaches have a higher sediment load DS compared to US, while in summer, 86 out 

of the 144 beaver dam reaches showed higher sediment load DS. However, the differences 

between US and DS are in both seasons primarily below 10 mg/l, which may be within the error 

range of the method employed.  

Inerpretation  

This means, that effects of beaver dam reaches on sediment loads are very small to negligible.  

 

 

 

Figure 7 DS-US sediment load in winter (left) and summer (right). Positive values indicate higher sediment 
loads DS. 

 



15 
 

1.5.4 Stable water isotopes (ŭ2H (deuterium), ŭ18O (oxygen)) 

The stable isotope dataset encompasses 133 beaver dam reaches in summer and winter. The 

median values of ŭ2H (deuterium) and ŭ18O (oxygen) compositions are typically more enriched 

in summer compared to winter, which is to be expected. In most cases, there are minimal 

differences between the compositions of US and DS samples. Distance, slope, volume, and 

residence time were estimated to contribute to the enrichment of stable isotope composition from 

US to DS, due to increased exposure of the water to the sunlight. However, most correlations 

between changes in stable isotope composition and these characteristics were found to be 

insignificant. Nonetheless, a positive correlation of approximately 0.20 was observed between 

changes in stable isotope composition and water volume specifically for the summer samples. 

Additionally, DS samples tend to be enriched in areas with a high proportion of wetlands in the 

buffer polygon surrounding the river reach. This trend is significant (p-value < 0.05) in summer 

with correlations of 0.36 to 0.39 (in winter 0.18 to 0.23) (table 3).  

Interpretation  

Where beavers create wetlands, residence time and evaporation increases. In contrast, where 

beavers create no wetlands (e.g. beaver pond cascades), there is a small or no effect on 

residence time and evaporation.  These results potentially also highlight a disconnected flow 

system typical for beaver wetlands, but this needs further testing, for example with tracers.  

 

 
Table 3: Correlation matrix showing changes in stable isotope compositions and beaver system 
characteristics.  

 
DS- US ŭ2H 

winter  

DS-US ŭ2H 

summer  

DS-US ŭ18O 

winter  

DS-US ŭ18O 

summer  

Distance  0.08 0.08 0.05 0.11 

Slope  0.10 -0.05 0.12 -0.04 

Volume  0.12 0.19 0.06 0.21 

Residence time 

winter  
0.06  0.06  

Residence time 

summer  
 0.01  0.05 

Wetland (abs.)  0.05 0.16 0.03 0.13 

Wetland (%)  0.18 0.36 0.23 0.39 

 

1.5.5 Other water chemistry parameters (including Ammonium) 

The comparison of the median values US and DS in winter and summer for all measured water 

chemistry parameters excluding Nitrate and DOC show very small or no changes between US 

and DS of beaver dam reaches. Ammonium concentrations were of particular interest, as they can 

cause increases in nitrate concentrations downstream. However, Ammonium concentrations were 
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found to be mostly below detection limit (0.02 mg/l) and only slightly higher on average (0.03 mg/l) 

in summer DS of beaver dam reaches.  

 

Interpretation  

A widespread increase in ammonium production in beaver ponds that is followed by a re-

nitrification to nitrate downstream of beaver ponds can be excluded. 

 

1.5.6 The influence of beaver dam reaches on water quality 

The data was separated into seven subdatasets with regards to nitrate and DOC concentrations. 

These classes are: ñnitrate and DOC decreases in both seasons (NO3--, DOC--)ò, ñnitrate and 

DOC increases in both seasonsò (NO3++, DOC++), ñnitrate > 25 mg/lò, and ñAllò to allow a 

comparison with the entire dataset. These subdatasets were compared with regards to 

characteristics slope, water volume, distance, number of dams and dam age. The analysis of the 

median slope of the river revealed that it is steeper for NO3: ++ compared to NO3: --. In contrast, 

the median slope was found to be steeper for DOC: -- than for DOC: ++. These findings suggest 

that beaver systems with lower slopes exhibit stronger nitrate removal and a larger increase  

of DOC . The analysis revealed further that the median water volume is low in the subdataset in 

which DOC is reduced in summer and winter. This suggests that a beaver system with a higher 

water volume has a greater potential for increasing DOC concentration . Reach overall 

distance, number of dams, and dam age however  exhibit minimal variations and do not 

provide any significant insights . 

 

 

 



17 
 

 

Figure 8: River slope, water volume, distance, number of dams and dam age: Boxplots for subdatasets 
of water quality 

1.5.7 Correlation analysis 

Correlation analysis reveals a positive correlation between nitrate concentrations in summer and 

winter (Corr.: 0.61), as well as between DOC concentrations in summer and winter (Corr.: 0.53), 

confirming the validity of the analysis. Additionally, there is a positive correlation (Corr.: 0.36) 

between DOC concentration and water temperature during summer. Positive correlations (Corr.: 

0.17 to 0.34) are observed between DOC concentrations and the presence of wetlands in the 

catchments, while a negative correlation (Corr.: -0.20) is observed between the proportion of 

wetlands and nitrate concentration, but only in winter. Moreover, agricultural land use in the 

catchment shows a positive correlation with nitrate and DOC concentrations, while forest land use 

exhibits a negative correlation. Correlations are identified between the concentrations of nitrate 

and DOC and the stable isotope composition, indicating that higher concentrations are associated 

with enriched water. This relationship is particularly apparent between the stable isotope 

compositions and the DOC concentration in summer. Additionally, there are several correlations, 

predominantly positive, between the nitrate and DOC concentrations and the concentrations of 

other water quality parameters (see Figure 9 below).  
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The analysis reveals that there is no significant correlation between the concentration changes 

and any of the beaver system characteristics such as distance, slope, residence time, discharge, 

dam age and number of dams. However, a low positive correlation (Corr.: 0.22) is observed 

between the changes in DOC in summer and the water volume of the beaver reach. This suggests 

that a larger pond volume is associated with a higher increase in DOC concentration. Furthermore, 

there are low negative correlations (Corr.: -0.23 to -0.15) between the US concentrations and the 

changes, indicating that a higher initial concentration of nitrate or DOC results in greater removal 

rates within the beaver system. However, this negative correlation is not significant for DOC in 

summer. Additionally, a positive correlation is observed between the changes in ammonium and 

DOC concentrations (Corr.: 0.17 to 0.35), suggesting that increasing DOC concentrations are 

associated with increasing ammonium concentrations. There are also positive correlations 

between the DOC gain and stable isotope composition, as well as some positive and negative 

correlations with the changes of other water quality parameters. 

Land-use (relative and absolute sizes of the land use types stagnant water, forest and agriculture 

in the catchment) shows no significant correlation (p-value < 0.05). There is a low positive 

correlation (Corr.: 0.17 to 0.29) between agriculture and changes in DOC concentrations in 

summer.  
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Figure 9: All significant (p-value < 0.05) Pearson correlation coefficient between the changes in 

nitrate and DOC concentrations in summer and winter (left), and from US to DS (positive values 

indicating an increase) (right), and catchment characteristics (left), and beaver system 

characteristics (right).  

Interpretation  

Greater ponds volumes exhibit a positive correlation with an elevated Dissolved Organic Carbon 

(DOC) concentration, a vital component in the aquatic food chain. The quality of DOC is equally 

crucial, dictating its pace of uptake as a food source. The observed downstream increase in 

DOC implies its probable derivation from decomposition of Particulate Organic Carbon (POC), 
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such as decaying vegetation, thereby constituting an enhancement for food webs downstream. 

Moreover, the dataset indicates the effectiveness of beaver wetlands in mitigating Nitrate in 

surface water improves with higher initial concentrations. 

 

 

 

1.6 The role of connected beaver w etlands  

Noticeable are the correlations of the relative and absolute sizes of wetland areas within the buffer 

polygons with a coherent decrease in nitrate and increase in DOC concentrations. Those 

correlations are stronger in summer than in winter. In summer the correlation is significant  

(p-value < 0.05). 

Table 4: Correlations between wetlands and concentration changes. Correlations of the eight wetland 
categories (buffer 50 m, 25 m, 10 m and 5 m absolute and relative) with the changes in nitrate and DOC 
concentrations. 

 

Nitrate change 

winter  

Nitrate change 

summer  

DOC change 

winter  

DOC change 

summer  

Correlation  

Median:  

- 0.12 to 0.00 

- 0.08 

- 0.31 to - 0.18 

- 0.25 

0.05 to 0.15 

0.12 

0.25 to 0.39 

0.32 

Significant  No Yes No Yes 

 

Out of the 165 sampled beaver dam reaches, 25 beaver dam reaches were found to have wetlands 

within a 50 m buffer around the rivers. These 25 beaver dam reaches are distributed across 

Switzerland. The connectivity classification revealed that in 14 out of the 25 beaver dam reaches, 

the wetland is directly connected to the river. In terms of water quality, all these 14 beaver dam 

reaches with wetland-river connectivity show a consistent pattern of decreasing nitrate 

concentrations (median: -3.56 mg/l) and increasing DOC concentrations (median: 1.05 mg/l) in 

summer. Similarly, in winter, there is also a trend of decreasing nitrate concentrations (median: -

0.17 mg/l) and increasing DOC concentrations (median: 0.20 mg/l), although it is less pronounced 

compared to the summer season. Only two of the 14 wetlands are made by beavers, the remaining 

12 are strongly influenced by beaver damming, and in the absence of beavers, these wetlands 

would likely not exist, or being much smaller in size.  

In addition to the consistent finding that all fourteen beaver dam reaches with wetland-river 

connectivity exhibit a decrease in nitrate concentration and an increase in DOC concentration 

during the summer season, the size of the wetlands also has an influence on the magnitude of 

these changes. The size of the wetlands in these beaver dam reaches ranges from 511 and 23ô828 
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m2. Larger wetland sizes are associated with an increased concentration of DOC in both seasons 

as well as with decreased concentration of nitrate in summer.  

 

Figure 10: Wetlands size and changes in concentrations in nitrate and DOC from US and DS.  

 

A comparative analysis between wetland connected beaver dam reaches with a reliable nitrate 

decrease and DOC increase in both seasons and 32 beaver dam reaches with increasing nitrate 

reaches in both seasons showed that wetland-river connected beaver dam reaches exhibit higher 

median values for variables such as distance of the beaver reach, water volume, water residence 

time and temperature change. On the other hand, beaver dam reaches with nitrate increases in 

both seasons tend to have higher median values for slope and discharge.  

 

Table 5: Comparison between beaver wetlands and beaver dam reaches with increasing nitrate. Median 
values for 32 beaver dam reaches with nitrate increases in both seasons and 14 wetland-river connected 
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beaver dam reaches. Difference means that mean values of beaver dam reaches with increasing nitrates 
subtracted from beaver wetlands. 

 

 

Connected beaver wetland s as a key for water quality improvement   

It is well known that wetlands can reduce nitrate concentrations and increase DOC concentrations 

in aquatic systems. However, our analysis shows that beaver modifications of existing wetlands 

increase the ability of wetlands to remove nitrate from surface waters and increase DOC loads 

downstream. In general, the size and connectivity of the wetlands matter for the amount of nitrate 

removal and increase in DOC loads, and this trend is more pronounced in summer. Wetland 

beaver dam reaches were found to have a longer distance (+ 67 %), higher water volume (+ 127 

%), and longer water residence time (+ 442 % in winter, + 413 % in summer) than beaver dam 

reaches with the opposite effect on water quality. Beaver wetlands also had a lower slope (- 59 

%) and discharge (- 72 % in winter, - 78 % in summer). The lower slope and discharge, along with 

the extended water residence time, suggest reduced water turbulence, which increases the 

potential for anaerobic conditions and therefore a reduction of nitrate. Wetlands process nitrogen 

through a variety of biological, chemical and physical mechanisms and support most natural 

conversions of nitrogen. The close coupling of aerobic and anaerobic conditions in wetland soils 

combined with a high rate of plant productivity and organic metabolic activity creates conditions 

favorable for the conversion of nitrate to atmospheric gases by denitrification. The increase in 

DOC corresponds to the observations made by BAFU (Hrsg.) (2022), identifying wetlands as 

source of DOC due to enhanced aquatic net ecosystem production in the lentic environments.  
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Appendix B: Catchment delineation  

Table B1: Different methods to calculate the catchment polygons. 

Program  Tools  
Resolution 

DTM 

Preprocessing 

DTM? 
Outlet point  

Quality of 

resulting 

polygon  

ArcMap 
Spatial 

Analyst 
0.5 m No DS coordinate Poor 

ArcMap 
Spatial 

Analyst 
0.5 m Yes DS coordinate Good 

ArcMap  
Spatial 

Analyst  
2 m Yes DS coordinate  Good  

QGIS GRASS 2 m Yes 

manually, in the  

region of the DS  

coordinate 

Good 
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Table B2: Preprocessing (burning) of DTM for catchment delineation. 

Preparation - Open Q-GIS with GRASS  
- Add DEM and polyline river layer 

Rasterize the river 

network 

- Tool: Rasterize (vector to raster) 
- Input layer: Polyline river network 
- A fixed value to burn: 1 
- Output raster size units: Georeferenced units 
- Width/Height: 2 m (pixel size) 
- Output Extent: DEM 
- Output data type: Byte 
- Save to file: Rasterized.tif 
- Other parameters: default 

Reclassify - Tool: Reclassify by table 
- Raster Layer: Rasterized.tif 
- Reclassification table: Min. 1 / Max. 1 / Val. 1 
- Range boundaries: min <= value <= max 
- Save to file: Rasterize_reclass.sdat 
- Other Parameters: default 

Statistics - Tool: Raster Layer Statistics 
- Input: DEM 
- Save to temporary file 
- Open html file and note min. and max. value 

Standardized DEM - Tool: Raster Calculator 
- Expression: (ñDEMò- min. value)/(max. value ï min.value) 
- Output Layer: standardized_dem.tif 

Burn river in DEM - Tool: Raster calculator 
- Expression: ñstandardized_dem.tifò-
ñRasterize_Reclass.datò 

- Output Layer: Standardized_burn 

DEM_burned - Tool: Raster calculator 
- Expression: ñDEMò*òStandardized_burn 
- Output Layer: DEM_burned 
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Figure B1: Data basis for catchment area calculations in QGIS. DEM burn calculated on the basis of 
(swisstopo, 2022 (Basemap: (swisstopo, 2022). 
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Table B3: ArcMap steps for catchment delineation. 

Preparation - Open ArcMap 10.7.1 
- Add DEM_burned 
- Add the point shapefile of the DS coordinate 

Filling sinks - Tool: Fill (spatial analyst) 
- Input surface raster: DEM_burned 
- Output surface raster: DEM_filled.tif 
- Z limit: default 

Calculate the Flow Direction 
to the steepest downslope 
neighbour raster cell 

- Tool: Flow direction (spatial analyst) 
- Input surface raster: DEM_filled.tif 
- Output flow direction raster: FlowDir.tif 
- Other parameters. default 

Calculate the accumulated 
flow into each cell 

- Tool: Flow Accumulation (spatial analyst) 
- Input flow direction raster: FlowDir.tif 
- Output accumulation raster: FlowAcc.tif 

Snap points to the cell of 
highest flow accumulation in 
2 m distance 

- Tool: Snap Pour Point (spatial analyst) 
- Input raster or feature pour point data: Point shapefile of 

the DS water sample coordinate 
- Input accumulation raster: FlowAcc.tif 
- Output raster: spp.tif 
- Snap distance: 2 

Calculate the upslope water 
contributing area 

- Tool: Watershed (spatial analyst) 
- Input flow direction raster: FlowDir.tif 
- Input raster or feature pour point data: spp.tif 
- Output Raster: watershed.tif 

Converting the watershed 
raster into polygons 

- Tool: Raster to Polygon (conversion) 
- Input raster: watershed.tif 
- Output polygon features: catchment_poly 
- Other parameters: default 

 

Appendix C: GIS volume calculation tools  

 
Figure C1: Surface Volume tool in ArcMap. The input surface is the DEM clipped to the beaver reach area 
and the plane height is the altitude of the top of the beaver dam. 
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Figure C2: Volume Calculation Tool from QGIS. The area is a polygon around the beaver reach extracted 
from the aerial image and the DEM height layer is the DEM clipped to this polygon. The base level is identical 
to the plane height in the ArcMap. 
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Appendix D: Area statistics Switzerland - Standard nomenclature NOAS04  
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Appendix E: DS - US nitrate concentrations in winter and summer  (with outliers)  

 

 

 

  

Nitrate 
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Appendix F: Relative changes in nitrate concentrations  
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Appendix G: DS - US DOC concentrations (outlier values > 2 mg/l)  

 

Beaver 

reach  

decrease: Ź 

increase:  ŷ 

Season  

(W/S) 

Difference  

(DOC DS-US) [mg/ l] 

10 Ź S -2.59 

19 ŷ S 3.06 

36 ŷ S 6.07 

67 ŷ  W & S 14.39 / 45.37 

81 ŷ S 2.89 

83 ŷ S 2.05 

86 ŷ S 2.02 

93 ŷ S 3.23 

95 ŷ W 2.24 

107 ŷ W 2.26 

141 ŷ S 2.35 

151 ŷ S 2.35 

155 ŷ S 2.49 
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Appendix H: Relative changes in DOC concentrations  
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Appendix I: Results ammonium analysis  

From the 660 measured ammonium samples, 242 samples (78 US winter, 68 DS winter, 56 US 

summer and 40 DS summer) were below the detection limit of 0.02 mg/l. For the purpose of 

analysis, a value of 0.02 mg/l was assigned to these 242 samples. Consequently, no change from 

US to DS could be observed for these samples, as both measurements were below the detection 

value (Figure I1). The median US ammonium concentration in summer is  

0.005 mg/l higher than in winter. In both seasons the median is only slightly over the detection 

limit of 0.02 mg/l (Figure).  

 
Figure I1: US ammonium concentrations in winter and summer. 

In winter, a comparable number of beaver dam reaches show an increase or decrease in 

ammonium concentrations from US to DS, while in over a third of the reaches, no change between 

the US and DS concentration is observed. In summer, there is a tendency for higher ammonium 

concentrations DS compared to US (Figure I2). 
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Figure I2: Change in ammonium concentrations within beaver systems. Decrease means that the DS NH4

+ 
concentration is lower. 

The differences in ammonium concentrations US and DS of beaver systems are mainly below 0.3 

mg/l, with winter differences frequently being less than 0.05 mg/l. The majority of reaches fall into 

the categories where the DS summer concentration is increased (Figure I3).  

Ammonium 
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Figure I3: DS ï US ammonium concentrations in winter and summer. For the sake of clarity, only differences 
of ± 0.3 mg/l are depicted in this graph. The outlier differences (> 0.3 mg/l) are presented in Table, with 
notably high differences in beaver reach Nr. 67. 

Out of all the beaver dam reaches, only six of them exhibit differences in ammonium 

concentrations greater than 0.3 mg/l. Interestingly, all of these differences exceeding 0.3 mg/l are 

observed in the summer season (Table).  

Table I1: Ammonium concentrations differences > 0.3 mg/l. 

Beaver 

reach  

decrease: Ź 

increase:  ŷ 

Season  

(W/S) 

Difference  

(NH4+ DS-US) [mg/ l] 

27 ŷ S 0.83 

45 ŷ S 0.31 

65 Ź S -0.50 

67 ŷ S 1.87 

149 ŷ S 0.75 

164 ŷ S 0.39 

 

Figures below do not reveal any discernible spatial pattern in terms of US ammonium 

concentrations and the changes in ammonium concentrations within the beaver systems. 

 

Ammonium 
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Figure I4: US ammonium concentration and concentration changes in winter. Negative values indicate lower 
DS concentrations. Background map: (swisstopo, 2021). 

 
Figure I5: US ammonium concentration and concentration changes in summer. Negative values indicate 
lower DS concentrations. Background map: (swisstopo, 2021). 
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Appendix J: Concentrations in  beaver dam reaches  only sampled in one season  

In this chapter, the results for nitrate and DOC concentrations of the beaver dam reaches which 

were only sampled in winter (72 reaches) or summer (7 reaches) are presented. 

For the 72 beaver dam reaches sampled only in winter, the median nitrate concentration shows 

an increase within the beaver system of 0.04 mg/l (Figure). This is in contrast to the findings for 

the beaver dam reaches sampled in both seasons, where the median nitrate concentration is 0.08 

mg/l lower downstream. 

 
Figure J1: Nitrate changes from US to DS. Positive values represent an increase in nitrate concentration. 
This plot presents the changes in 68 beaver dam reaches. In four beaver dam reaches the US to DS 
difference (DS-US) was more than 5 mg/l (-29.90, -10.58, -7.49 and +10.52 mg/l). 

The majority of the beaver dam reaches sampled only in one season undergo an increase in DOC 

concentration within the beaver system. The differences are mainly < 0.5 mg/l. 
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Figure J2: DOC changes from US to DS. Positive values represent an increase in DOC concentration. This 
plot presents the changes in 72 beaver dam reaches. 

The US and DS water quality parameters from the 7 beaver dam reaches only samples in summer 

were compared (Nitrate and DOC, other parameters). The first beaver reach with notably high 

nitrate concentrations is the Chriesbach, north of D¿bendorf (Coord.: 2ô689ô823 / 1ô251ô753). The 

second beaver reach is close to Herzogenbuchsee (Coord.: 2'621'625 / 1'228'246). The remaining 

five beaver dam reaches only sampled in summer are located in Liechtenstein. Among these 

reaches, nitrate concentrations were found to decrease downstream in five out of the seven 

locations. As for DOC concentrations, they increased in four beaver dam reaches. Regarding the 

other water quality parameters, no clear trends in increasing or decreasing concentrations were 

observed for the seven beaver dam reaches (Figure J3). 

 
Figure J3: Comparison of the US and DS nitrate and DOC concentrations from the seven beaver dam 
reaches only sampled in summer. 
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Figure J4: Comparison of the US and DS concentrations (Bromide etc.) from the seven beaver dam reaches 
only sampled in summer. 
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Appendix K: Results stable isotope analysis  

 

 
Figure K1: ŭ2H composition US and DS in winter and summer. 

 
Figure K2: DS minus US ŭ2H compositions in winter and summer. 
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Appendi x L : Median water quality concentrations  
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Appendix  M: Corr . US concentrations and catchment characteristics  
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Appendix  N: Corr. concentration changes and beaver reach characteristics  
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Appendix  O: Corr. with land use in buffer polygon  

 

 

 

  








