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Freshwater ecosystems are characterized by their unique longitudinal and Received 2 February 2024

lateral habitat connectivity. As a result, spatial units in freshwater-specific Accepted 6 August 2024

analyses can often not be considered independent of each other.

Accounting for this connectivity in modelling analyses requires p . N
s R . reshwater; connectivity;

advancgd skills in Geog(aphlc Information Systems (GI_S) for adequately network; Hydrography9om;

processing and managing the data. To address this challenge, we hydrographr R-package;

developed the GeoFRESH online platform, which is available at https:// Earth System Science

geofresh.org. The platform provides a graphical, easy-to-use interface to

create freshwater-specific analysis-ready data for any given location in

the world, based on a high-resolution stream network (https://

hydrography.org/hydrography90m/hydrography90m_layers). Users can

(i) upload and visualize point coordinates, (ii) automatically assign

points to the closest stream network segment, (iii) annotate the point

data with a suite of 104 local and/or upstream-aggregated topographic,

climatic, land-cover and soil variables, (iv) visualize summary plots, and

(v) download the data in csv-format for further analyses. The platform

can be expanded given its modular structure and it can serve as a key

element to support freshwater science and management relying on

high-resolution geospatial analyses. GeoFRESH provides a low-entry

interface while being complementary to the hydrographr R-package,

and contributes importantly to the re-usability of data as an important

aspect of the FAIR principles.

KEYWORDS

1. Introduction

Geospatial analyses of river network data processing require consideration of lateral, longitudinal
and vertical habitat connectivity, including linkages of river channels with the terrestrial surround-
ings and groundwater (Prembke et al. 2016), to account for hydrogeomorphological dynamics, sedi-
ment transport, nutrient fluxes, species migration pathways, and more, which are all important in
governing ecosystem dynamics. In addition, human interventions of channel hydromorphology,
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including extensive damming (Grill et al. 2019), have disrupted river networks at multiple spatial
scales, which has led to massive habitat fragmentation. Spatially explicit analyses are key to describe
and understand such changes, whether natural or anthropogenic, and to develop scenarios for
future river ecosystem development and management (Jumani et al. 2020). A critical prerequisite
for such analyses is detailed knowledge on Geographic Information System (GIS) data processing.
This is true as much for analyses conducted at local scales, for example as a basis for river restor-
ation, as it is for integrating global-scale Earth System data into river research, monitoring and
management. However, the specific spatial structure of river networks and the intimate
upstream-downstream and channel-floodplain linkages pose major analytical challenges. In par-
ticular, unlike spatially explicit analyses applied to land, simple data overlays of land cover, climate
or dams, at a given position within a river network are insufficient to capture the potential depen-
dencies among environmental drivers affecting river ecosystems (Schiirz et al. 2023).

A possible solution to meeting this challenge would be a scalable framework that allows routing
information about upstream river and catchment conditions through the hydrographical network.
This spatially integrated information can then be used to assess environmental impacts, whether
caused by water pollution, nutrient loading, the disruption of connectivity by dams or weirs, or
flow alteration including extreme flood and drought events, at any point in the river network
(Lemm et al. 2021). Such connectivity-dependent data processing frameworks for analysing river
networks have been successfully used in the past (Vorosmarty et al. 2010; Jasiewicz and Metz
2011; Neteler et al. 2012). However, they confront prospective non-specialists with the need to
use GIS software that can be complex, especially in the case of large datasets where elaborate
data processing workflows are indispensable, requiring advanced expertise in command-line script-
ing. Consequently, to ensure scalability of workflows and avoiding computers to succumb to large
data volumes, the choice of software and tools is critical, as is acquaintance with a particular script-
ing language/syntax. In addition, when the integration of data on catchment conditions is necessary
(e.g. on climate or land cover, for example to calculate the fraction of forest cover within a given
catchment), effective retrieval of the data from diverse online platforms might create an additional
burden for users. This is because the growing number of environmental data sets are scattered and
require prior assessment of data quality, availability, spatial resolution, temporal coverage and file
format before being combined and analysed together with other data.

With these challenges in mind, we have started developing an online platform named Geo-
FRESH, which emerged from a pilot study (https://zenodo.org/records/7888389) that aimed at
creating an easy-to-use and yet powerful tool that supports a broad community of freshwater scien-
tists and managers in performing geospatial analyses of river ecosystems. Three main goals guided
the implementation of the platform:

(i) Ensure easy access for all potential users, even if their technical expertise in geospatial analyses
is limited.
(if) Provide a central online hub for the actual data processing to avoid the need for massive data
downloads and handling large amounts of data on the users’ personal computers.
(iii) Ensure that the functionality and data-handling capacity is scalable to support workflows for
both small- and large-scale analyses.

The solution we propose to meet these goals is an online platform where users can upload point
data coordinates, capitalize on the latest high-resolution hydrographical data, annotate the point
data with both local and upstream environmental data (i.e. add values to each data point), and
download the processed data for further analyses or presentation. The resulting GeoFRESH plat-
form provides a low-entry starting point for non-specialist users to extract and process environ-
mental information specifically for geospatial analyses of river networks, whether focussing on
local sub-catchments corresponding to the input coordinates, or targeting catchments upstream
of the input coordinates, including at the global scale. The GeoFRESH platform is available at
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https://geofresh.org and continuously evolves by the integration of new datasets and extension of
functionalities.

2. Methods & datasets

The Hydrography90m dataset (Amatulli et al. 2022, https://hydrography.org) provides the funda-
mental hydrographical data underlying the GeoFRESH platform. Hydrography90m is a global and
seamless high-resolution river network at 90 m resolution, which is fine enough to delineate small
headwater stream channels. The base data of Hydrography90m for GeoFRESH comprises 1.6
million drainage basins, 726 million unique stream segments (consisting of nodes and segments
themselves) and the corresponding sub-catchments. The average size of the sub-catchments is
0.19 km?, with a median and standard deviation of 0.14 and 0.55 km? respectively. Each stream
segment and corresponding sub-catchment share a unique ID. Refer to Figure 1 in Amatulli
et al. (2022; https://essd.copernicus.org/articles/14/4525/2022/essd-14-4525-2022-f01-high-res.
pdf) for basin, segment and sub-catchment terminology.

The core idea of GeoFRESH is to provide users with local and upstream environmental infor-
mation for their point records, typically sampling locations. These points are assigned to their
respective stream segment in the Hydrography90m network. Users can query environmental infor-
mation from four categories (topography, climate, soil and land cover) and annotate the input coor-
dinates with a range of summary metrics (e.g. mean, range, standard deviation) of the selected
variables. Finally, all data, stored in csv-files, can be downloaded in a zip-file to continue analyses
on a local computer or another computational platform.

Table 1 provides a brief overview of the type of variables included in GeoFRESH. We calculated
summary statistics for a total of 104 environmental variables for each single sub-catchment using
the GRASS GIS software (Neteler et al. 2012). For topography, climate and soil data, we computed
the mean, standard deviation, minimum, maximum and range by applying a zonal statistics algor-
ithm based on the r.univar command available in GRASS GIS. For the land-cover variables, we cal-
culated the proportion of each land-cover category in each sub-catchment.

3. PostgreSQL database and user interface

All data are stored and managed in PostgreSQL (2024), an open-source Relational Database Man-
agement System. This allows for efficient data searches and retrieval while ensuring high data

GeOFRESH = Home  Analysis  Tutorial  Documentation

Welcome to the GeoFRESH platform

GeoFRESHIsa d network by

« and download the dat

layers.

For further analyses of your freshwater data,
data  publ

Analysis
Check out thedifierent analysissteps
Tutorial

Check outthe full functionalityof th platform.

Documentation

Learn about the project background.

M NFDIsEarth rieroter

Figure 1. The GeoFRESH landing page at https://geofresh.org.
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Table 1. Overview of the environmental variables currently available in the GeoFRESH online platform at https://geofresh.org.
Additional variables and time-series information are currently being produced (see also the section ‘Future development’ below).

Temporal Number of
Description Dataset name Time span resolution variables
Global hydrography Hydrography90m  Static Static 48 Amatulli et al.
(2022)
Climatologies at high resolution  CHELSA v.2.1 1980-2010 30-year 19 Karger et al.
for the earth’s land surface average (2017, 2018)
areas
Global gridded soil information ~ SOILGRIDS 2016 Static 15 Hengl et al.
(2017)
Consistent global land-cover ESA Land Cover 1992-2020 Annual 22 ESA (2017)

maps (GeoFRESH:
currently 2020)

integrity and concurrent access by multiple users. To cope with the large data volumes inherent to
the description of river network structure and associated information on environmental catchment
characteristics, the database tables are structured using table partitioning by regional units of the
Hydrography90m dataset (see Amatulli et al. 2022 for details on regional units). Furthermore,
appropriate spatial and non-spatial indexes were created. All environmental data are stored in sep-
arate partitioned tables for topography, climate, soil and land cover, while vector geometry data for
stream segments, sub-catchments, basins and regional units are stored in spatial tables making use
of the PostGIS extension (PostGIS 2024), which adds support for spatial data types and indexes and
enables the use of spatial queries in standard SQL syntax. The pool package (Cheng, Borges, and
Wickham 2024) is used to connect to the database by means of R code to create a connection pool.

The dbplyr (Wickham, Girlich, and Ruiz 2024) and DBI packages (Wickham and Miiller 2024)
are used to enable further SQL queries for uploading and processing user-defined point coordinates
and for retrieving aggregated environmental data. Moreover, the pgRouting package (2024) serves
to extend the PostgreSQL/PostGIS functionality by adding an effective geospatial database routing.
These routines are used to calculate the upstream catchment for each uploaded point. To serve the
data as Open Geospatial Consortium (OGC) web services (e.g. Web Map Service, WMS), database
vector tables and additional raster data from the Hydropgraphy90 m dataset are registered in a Geo-
Node instance (https://geo.igb-berlin.de) by using GeoServer as the map server. Stream segments
and sub-catchment WMS layers are integrated into the platform’s mapping interface as reference
layers. Users can interact with the database via an interactive web application designed to optimize
user experience for simplicity and ease of use. An interface developed by using R Shiny (Chang et al.
2024) provides a framework tailored to create interactive web applications by using R as the pro-
gramming language. The web application is structured into modular components, thereby facilitat-
ing updates and enabling the seamless future integration of new functionalities into the GeoFRESH
platform. Altogether, this database set-up provides an effective modular structure to perform geos-
patial river ecosystem analyses.

4. The GeoFRESH platform

The GeoFRESH data platform is available at https://geofresh.org. It consists of four tabs that allow
users to navigate to the landing, analysis, tutorial and documentation page, respectively (Figure 1).
The analysis tab contains the actual workflow for data processing, whereas the tutorial and docu-
mentation tabs provide information about the functionality and background information of Geo-
FRESH and the underlying datasets, respectively.

5. The general workflow

The general workflow in GeoFRESH consists of eight steps guiding the user from the initial data
upload to the final download of processed and annotated data (Figure 2).
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Figure 2. Schematic diagram of the GeoFRESH v.1.0 workflow, starting from the upload of coordinates, followed by the extrac-
tion of environmental data, to the final download of the processed and annotated data.

5.1. Uploading point coordinates

The point coordinate data are uploaded as a csv-table which should contain at least three columns,
representing an identifier and the geographic coordinates in WGS84 (e.g. ‘ID’, ‘latitude’ and ‘longi-
tude’; Figure 3). Although the order of these columns is fixed, the column names are flexible. Alter-
natively, users can use the provided test dataset containing a small subset of fish occurrence records
in Germany (LIB 2022), which can be loaded by a single click on the ‘Load test data’ button. There-
after, users can:

o view and filter the uploaded table
e browse the points on the map, which zooms automatically to the most appropriate spatial extent
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Upload and snap =

Please provide your point data as a .csv table with three columns: a unique 'id!, 'latitude’, longitude
Coordinates should be provided in the WGS84 coordinate reference system. Column names are flexible. The number of points in your .csv fle is currently limited to 1000, and upload file size should not exceed 1MB.
show| 10 v entries Search:
Point data (.csv format)
— D latitude longitude
4058613271 53.8553 99609 *
BB Load test data 4058539759 534573 10.6366
4058538795 53,9178 9.9576
Snapping method: sub-catchment (default) 4058558992 53.5823 94446
Points will be snapped to the nearest location on the river segment of
the sub-catchment the point falls in. Showing 1 to 10 of 10 entries Previous 1 Next
->Snap points

Figure 3. Screenshot of the coordinate upload section where the GeoFRESH workflow starts.

¢ change the background map and visualize the river segments of interest and the corresponding
sub-catchments.

5.2. Snapping points to the stream network

After uploading the input data, the point records are assigned to the respective river network seg-
ment and its corresponding sub-catchment. This is a crucial step because the point locations must
match the location of the stream network, which is not always the case due to inaccurate point coor-
dinates (e.g. due to measurement errors) or the location of the modelled river network at 90 m res-
olution (e.g. due to the spatial resolution of the Digital Elevation Model, DEM). During the
snapping procedure (Figure 4), each point record first queries the respective drainage basin ID
for an approximate geographic estimation, followed by a sub-catchment ID query within the
given drainage basin. The point is then snapped to the closest location on the line of the corre-
sponding river segment. If point coordinates do not match with a stream segment, for example,
if points are located in the ocean, a warning message is returned and the points are excluded
from further analyses. After the point snapping procedure,

o the new latitude and longitude values (in WGS84) as well as the sub-catchment IDs are attached
to the table

Upload and snap -

Please provide your point data as a .csv table with three columns: a unique 'id", 'latitude’, 'longitude'.

Coordinates should be provided in the WGS84 dinate reference system. Column names are flexible. The number of points in your .csv file is currently limited to 1000, and upload file size should not exceed 1MB.
Show| 10 v |entries Search:
Point data (.csv format)
Browsa.. |RNoHe <eles D latitude longitude latitude_snap longitude_snap sub-catchment_ID HydroLAKES_ID
4058613271 53.8553 9.9609 53.855533 9.961133 506463635 2
BBLoad test data 4058539759 53.4573 10.6366 53457917 10.63625 506627827 l
4058538795 539178 99576 53.917917 9.9576 506440890
Snapping method: sub-catchment (default) 4058558992 53.5823 9.4446 53.582917 9.445417 506571515 -
Points will be snapped to the nearest location on the river segment of
thesubicatchmenthe pomcfallSin Showing 1 to 10 of 10 entries Previous | 1 | Next

= Snap points
0%

Figure 4. GeoFRESH upload and snap window showing adjusted values for latitude and longitude that have been added to the
data input table after snapping point coordinates to the river network coordinates. The new table can be downloaded as a csv-
file.
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e users can filter the table, allowing them to perform a quick search of IDs and coordinates

5.3. Visualizing points on the map

The original and adjusted (i.e. snapped) coordinates are displayed on the map to facilitate compari-
sons with the original coordinates provided by the user (Figure 5(A,B)). Users can toggle between
different background layers such as the stream network, the sub-catchments, or OpenStreetMap to
evaluate the point location accuracy.

5.4. Selecting environmental variables

Users can select from a total of 104 environmental variables by clicking on the respective check
boxes (Figure 6). Each selected variable will be considered in the subsequent data aggregation
where users can select from

ntinel-2 cloudless.
enStreettiap
Einput points
 Snapped points
Stream segments

()Sub-catchments

Input points
Snapped points

B Leaio | Sentinel-2 by EOXIT i s 016 & 2017)

O
@® sentinel-2 cloudless
O Openstreetiap
Input points
‘Snapped points
[ stream segments

[JISub-catchments

Input points
- Snapped points

Ugafiot | Sentingl-2 cloudless by EOX T

Figure 5. (A) Example of original point coordinates projected on the map. The red square represents the area shown below. (B)
Adjusted point coordinates (yellow symbol) after the snapping procedure that moves the original points (purple symbol) to the
closest stream network segment.
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Select environmental variables =

Select environmental variables

Activate the checkboxes to select the required envi i ion that should be within the upstream catchment of each point. Please see the source and the citation for each category under the 'Documentation’ tab.
Topography Climate Soil Land cover

Hydrography90m stream topology Bioclimatic variables for 1981-2010 Soil data for 2016 Annual land cover for 2020

O Select/Deselect all O select/Deselect all O Select/Deselect all O Select/Deselect all

Mean elevation (elev) Annual mean temperature (biol) () Derived saturated water content (awcts) [ Cropland, rainfed (c10)

(J Flow accumulation (flowpos) (O Mean diurnal range (bio2) [ Clay content (clyppt) ([ Cropland, irrigated/post-flooding (c20)

[ Cell maximum curvature [ Isothermality (bio3) () sand content (sndppt) () Cropland/natural vegetation (c30)

(J Cell minimum curvature (J Temperature seasonality (biod) ([ silt content (sltppt) ([ Natural vegetation/cropland (c40)

() Cell elevation difference () Max temperature of warmest month (bioS) () Derived available soil water capacity (wwp) () Tree cover, broadleaved, evergreen (c50)

O cellgradient () Min temperature of coldest month (bios) [0 soil organic carbon content (orcdrc)
Soil pHx 10in H20 (phihox)

([ Bulk density (bldfie)

[ Tree cover, broadleaved, deciduous (c60)

(O shortest distance to drainage divide (O Temperature annual range (bio7) ([ Tree cover, needleleaved, evergreen (c70)

(] Longest distance to drainage divide (] Mean temperature of wettest quarter (bio8) (] Tree cover, needleleaved, deciduous (c80)

[J Nearest downstream stream grid cell (J Mean temperature of driest quarter (bio9) ([ Cation exchange capacity (cecsol) ([ Tree cover, mixed leaf type (c90)

[ Outlet grid cellin the network () Tree and shrub (c100)

(J Downstream stream node grid cell (J Mean temperature of coldest quarter (bio11) (J Grade of a sub-soil being acid (acdwrb) (J Herbaceous/tree and shrub (c110)

([ shrubland (c120)
() Grassland (c130)

0 Euclidean distance 0 Annual precipitation (bio12) O Depth to bedrock (R horizon) (bdricm)

[ Shortest path [ Precipitation of wettest month (bio13) () Probability of occurence of R horizon (bdrlog)

O Longest path O Precipitation of driest month (bio14) (O Cumulative probability of organic soil (histpr) [ Lichens, mosses (c140)

() Nearest downstream stream pixel () Precipitation seasonality (bio15) () Sodic soil grade (slgwrb) () Sparse vegetation (c150)

(J Outlet grid cell in the network (J Precipitation of wettest quarter (bio16) ([ Tree cover, flooded, fresh/brackish water (c160)

[ Downstream stream node grid cell ([ Precipitation of driest quarter (bio17) () Tree cover, flooded, saline water (c170)

(] segment downstream mean gradient [ Precipitation of warmest quarter (bio18) () Shrub or herbaceous (c180)
Urban areas (c190)

[ Bare areas (c200)

i
i
i
i
i
i
i
i
i
() Mean temperature of warmest quarter (biol0) i [J Coarse fragments volumetric (crfvol)
i
i
i
i
i
i
i
i
i

([ Segment upstream mean gradient ([ Precipitation of coldest quarter (bio19)
(] Cell upstream gradient

([ Cell stream course curvature () Water bodies (c210)

() Segment downstream elevation difference (0 Snow and ice (c220)
() Segment upstream elevation difference

(0 Cellupstream elevation difference

(O cell downstream elevation difference

(0 segment downstream distance

() Segment upstream distance

() Cell upstream distance

(O strahler's stream order (stream_strahler)

() Shreve’s stream magnitude (stream_shreve)
() Horton's stream order (stream_horton)

() Hack’s stream order (stream_hack)

() Topological dimension of streams

Figure 6. Options for user selections among 104 environmental variables that can be extracted for the local sub-catchment or the
entire upstream sub-catchment of each point coordinate.

¢ 48 variables related to topography and hydrography in the Hydrography90m database (Amatulli
et al. 2022).

¢ 19 bioclimatic variables for the period from 1981 to 2010 from the CHELSA database v2.1 (Kar-
ger et al. 2017; 2018).

e 15 soil variables from the https://soilgrids.org/ database (Hengl et al. 2017).

e 22 land cover variables for the year 2020 from the ESA Land Cover CCI Product (ESA 2017).

5.5. Querying environmental variables across the local sub-catchments

This feature retrieves the environmental information for the selected variables for those sub-catch-
ments to which the point records are linked (Figure 7). The data is annotated to each point record
individually (i.e. topography, climate, soil and land cover). In particular:

¢ For continuous data, the minimum (min), maximum (max), average (mean), and standard devi-
ation (sd) values are reported for each variable (e.g. temperature) and a given sub-catchment. For
categorical or ordinal data (e.g. stream order), values are reported for the respective sub-catchments.
¢ Users can download the annotated input tables.

5.6. Querying environmental variables across the upstream sub-catchments

This query feature enables retrieving environmental information for selected variables across the
entire upstream catchment, i.e. across the upstream area of those sub-catchments to which the
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T Query selected environmental variables for the local sub-catchment (min, max, mean, sd)

Local sub-catchment
Selected variables:

s i Topography ~ Climate  Soil  Landcover

Climate: biol Show| 10 v entries Search:

Soil: phihox

Ls 1 i 4 5

and cover; 190 id sube_id elev_min elev_max elev_mean elev_sd
4058560090 506465118 30.8 404 35.7722 26857 =
4058623136 506561224 19 33 13,5313 9.5675
4058613271 506463635 175 19.6 18.3308 0.6591
4058539759 506627827 9.4 139 11.2938 10192 _
Showing 1 to 10 of 10 entries Previous 1 Next

& Download topography data for local catchment

Figure 7. Query window showing the stored environmental data of the local sub-catchments after extraction of the data. The
extracted data are stored in separate tables for each variable category (i.e. topography, climate, soil, land cover). The tables can
be directly downloaded as csv-files.

point records were assigned (Figure 8). This functionality capitalizes on the pgRouting extension in
the PostgreSQL database, using the link table of the stream segment connectivity. This means that
every stream segment ‘knows’ its neighbouring segments and this allows the routing within the net-
work. Key features are:

¢ Each point record on the map is individually annotated with the data of the query results.

o The average of the means for all the upstream sub-catchments in the considered area is
reported.

o Categorical variables, such as stream order, are omitted from the summary statistics.

e Summary statistics are ignored for points located in the most upstream headwater segment lack-
ing an upstream catchment. However, for the summary statistics of these upstream catchments,
users can refer to the ‘local’ query.

5.7. Visualizing summary statistics

Summary statistics can be directly visualized for the selected environmental variables in pre-defined
histograms and box-plots (Figure 9). Users can thus visually assess the environmental conditions at
points affected by local conditions in sub-catchments or propagated downstream from the
upstream catchments.

Upstream catchment
Selected variables:
T hy
Tonsgplee opography  Climate  Soil  Landcover
Climate: biol Show| 10 v entries Search:
Soil: phihox
Land cover: c190 id subc_id elev_mean
4058613271 506463635 380542 %
4058538795 506440890 217444
4058549629 506539304 48,6804
4058558992 506571515 183041
Showing 1to 8 of 8 entries Previous | 1 | Next
& Download topography data for upstream catchment
Download resulting CSVs in a ZIP file

Figure 8. Example of environmental data extracted for the upstream catchments, similar to the local sub-catchments (Figure 7),
and stored in separate tables for each variable category (i.e. topography, climate, soil, land cover).
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Plot results =

Plot results of environmental variables queries as histograms for topography, climate and soil or boxplots for land cover.
Topography Climate Soil Land cover

Histogram of "Annual mean temperature (bio1)" Histogram of "Annual mean temperature (biol)"
N for local sub-catchments for upstream catchments
Select variable to plot:
< ~
Annual mean temperature (biol) -

Number of bins:
o @ 2
I

2
Frequency
1

Figure 9. Direct visualization of extracted environmental data and comparisons between local sub-catchments and catchments
upstream.

5.8. Downloading data as csv-files

Finally, all data can be downloaded in zip-files that contain tables as csv-files of all variable cat-
egories as well as the results of the snapping procedure. Results are kept in separate single files
per category, since the csv-files contain all summary metrics. This results in a large number of col-
umns, which would otherwise be difficult to handle in a graphical spreadsheet editor.

6. Data privacy

GeoFRESH is hosted by the Leibniz Institute of Freshwater Ecology and Inland Fisheries (IGB) in
Berlin, Germany. Any data uploaded by a user are assigned a random ID string during processing.
No cookies are employed. After users close a session, all data they provided or extracted during the
session for the point records are deleted.

7. Discussion

The GeoFRESH platform is an important first step towards facilitating geospatial analyses, moni-
toring and modelling of river networks and associated habitats by non-specialists. It combines
and arranges a wide variety of environmental data types into a single user-friendly platform,
removes redundancies in the management and easy processing of (big) geospatial and environ-
mental datasets, and minimises computational expense, thus supporting users in the scientific com-
munity and water management by providing large amounts of high-resolution spatial data on river
networks. Processing of these data requires an efficient and targeted workflow, especially in view of
the dendritic structure of river networks, which should best be accessible all potential users, includ-
ing non-specialist and non-programmers. Given often complex GIS routines to assess connectivity
and integration of environmental data in workflows, GeoFRESH greatly facilitates geospatial ana-
lyses of river networks by offering simple and yet powerful functionalities. In particular, the basic
workflow of GeoFRESH presented here has high potential to ease assessments of environmental
characteristics that govern material and energy flows, biodiversity and community structure, and
the functionality of river ecosystems. This, together with the virtually instant data extraction
enabled by GeoFRESH, as well as the ease of high-resolution analyses across large spatial scales
at any given location on Earth, will provide a powerful resource serving freshwater scientists and
managers, policy makers and other stakeholders in sustainable water management and monitoring
of freshwater ecosystem services. For example, application of the basic GeoFRESH functionality can
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aid in exploring impacts of climate or land-cover change on river ecosystems, as well as in identify-
ing drivers of water quality and availability, or species occurrences.

GeoFRESH is designed to ensure ease of use and simplicity for non-programming users, further facili-
tated by the open availability of all data, code and methods on Github. For geospatial analyses not cur-
rently supported by GeoFRESH, such as point-distance calculations or advanced aggregation methods,
involving the use of categorical variables (e.g. the use of modes) or distance-related aggregation methods
(e.g. inverse-distance weighting), the hydrographr R-package (Schiirz et al. 2023) is available. This pack-
age allows users to apply custom data-processing workflows. Importantly, hydrographr uses the same
Hydrography90m database as GeoFRESH, so that all basic data on river networks, including IDs,
match perfectly, thus ensuring full compatibility and complementarity of hydrographr and GeoFRESH.

8. Future development

At present, the GeoFRESH environmental data catalogue is supplemented with additional data pro-
ducts that we expect to further facilitate geospatial analyses of river ecosystems across large scales,
independent of particular focal regions. This includes (i) monthly discharge estimates for each
stream segment, (ii) time series of climate and land-cover data over the past decades, and (iii) pro-
jections of future climate under various Representative Concentration Pathway (RCP) trajectories
(van Vuuren et al. 2011). Moreover, standing water bodies are currently being integrated into the
Hydrography90m dataset, which will enable integrated analyses of both riverine and lacustrine eco-
systems (Messager et al. 2016). In this context, we intend to implement a separate workflow section
that enables analyses of (iv) local and upstream environmental conditions potentially affecting
standing waters, (v) the extent and consequences of lake connectivity along river networks, and
(vi) the consideration of isolated ponds not connected to a river. Finally, we aim (vii) to integrate
point connectivity analyses along river networks by capitalizing on the pgRouting (2024) extension.

The modular architecture of the GeoFRESH platform also facilitates expanding its functionalities in
addition to its data catalogue. At present, we envisage to supplement the current version 1.0 with
additional features such as (i) extended point-snapping functionalities, (ii) an extended interactive map-
ping interface for point records and the corresponding upstream catchments, and (iii) improved intero-
perability with the hydrographr R-package, particularly to enable users to tap on the online GeoFRESH
functionality directly within R. Additional features can be envisaged, including requests by future users,
whose feedback can be directed to the Github issues page at https://github.com/glowabio/geofresh/issues.
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Code availability

The GeoFRESH platform is available at https://geofresh.org the source code on GitHub at https://github.com/
glowabio/geofresh.
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