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9  Abstract. Dams, reservoirs, and waterpower facilities are central to regional water management, but they can induce
10 streamflow alterations that propagate downstream through connected river networks and complicate hydrologic modeling and
11 aquatic ecosystem assessment. Existing streamflow indicators often quantify alteration only at discrete locations (e.g.,
12 hydrometric gauges), thus limiting spatially continuous, subbasin-scale mapping of where upstream infrastructure may
13 influence downstream flows. We propose the Streamflow Alteration Index (SAI), a network-based screening metric that
14  propagates point-based alteration signal sources downstream through a routing network to map potential alteration influence.
15 The framework includes paired indices: SAI_I (0-100%) and SAI_II (0—100%), representing two levels of influence derived
16 from confirmed (Level 1) and potential (Level II) alteration signal sources. We implemented SAI to develop the SAI v1.0
17 database for Ontario, Canada, using the Ontario Lake and River Routing Product Version 2 (OLRRP v2) network and an
18  inventory of 643 alteration signal sources compiled from provincial datasets. The resulting product provides seamless, high-
19 resolution, network-based, subbasin-scale mapping of streamflow alteration across Ontario and enables SAI estimates at both
20 gauged and ungauged nodes within the routing network. We validated SAI by classifying subbasins containing hydrometric
21 gauges as natural, conditional, or altered and compared these classes against two independent references: Reference
22 Hydrometric Basin Network (RHBN) gauges (with minimal human impact) and Water Survey of Canada (WSC) gauge
23 “Natural” and “Regulated” labels. SAI shows strong agreement for gauges labelled natural: 86% of RHBN natural gauges and
24 86% of WSC-natural gauges are classified as natural by SAI. For WSC-regulated gauges, SAI classifies 74% as conditional
25 or natural. Overall, SAI v1.0 provides a practical, objective screening product for large-domain hydrologic and aquatic
26 applications without requiring detailed dam operating information, and it offers a scalable pathway toward national- to global-

27 scale, network-based screening products for streamflow alteration.

28 1. Introduction

29 Dams and reservoirs are among the most significant infrastructural interventions in freshwater systems, constructed
30  to serve a range of human needs including water supply, flood and drought control, irrigation, waterpower generation, and
31 recreation (Maavara et al., 2020; Palmer and Ruhi, 2019; WCD, 2000). As documented in the Global Dam Watch database
32 (Lehner et al., 2024), there are 41,145 barrier locations and 35,295 associated reservoirs globally, with a cumulative storage
33 volume of 7,420 km® and a surface water area of 304,600 km?. More broadly, river networks worldwide are affected by many
34  more instream structures, and the majority of large rivers worldwide are fragmented and regulated (Grill et al., 2019).
35 Engineered watersheds have played a crucial role in enabling agricultural expansion, supporting urban water demands,
36  mitigating natural disasters, and driving economic development (Lehner et al., 2011; WCD, 2000).

37 However, the widespread construction and operation of dams have profoundly transformed natural flow regimes,
38 altered sediment and nutrient fluxes, and generated substantial ecological and social trade-offs (Richter et al., 2010; Winemiller

39 et al., 2016). Dams and reservoirs can substantially modify the magnitude, timing, frequency, and duration of natural
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40 streamflows by regulating the storage and release of water. Such streamflow alteration is widely regarded as a first-order
41 impact on fluvial systems, because flow regimes are a fundamental driver of riverine habitat and ecosystem processes (Burke
42 et al., 2009; Jorde et al., 2007; Petts, 1984; Poff et al., 1997, 2010). In this study, streamflow alteration denotes human-caused
43 changes to natural streamflow patterns arising from instream structures and lake outflow controls, primarily through the
44 construction and operation of dams, reservoirs, and waterpower facilities. Such alteration commonly dampens high flows,
45 augments baseflows, and smooths natural variability, with widespread implications for river connectivity, ecosystem dynamics,
46 and water resources management. Hereafter, the term alteration is used throughout, except where regulation is retained for
47 consistency with established terminology (e.g., degree of regulation, HYDAT natural and regulated labels) and cited sources.
48 Streamflow alterations occur across temporal scales ranging from minutes to seasons, with particularly strong sub-
49 daily variability downstream of hydropeaking waterpower facilities (WPFs). Hydropeaking refers to sub-daily operational
50 changes in discharge used to match electricity generation to demand, which commonly produces higher releases during
51 daytime, when electricity demand is greatest, and lower releases at night. This creates highly variable downstream hydraulic
52 and habitat conditions at short-time scales (Bejarano et al., 2018; Kern et al., 2012). Because these fluctuations happen on sub-
53 daily time scales, daily discharge records can mask key features of alteration such as ramping rates, the frequency of peaks,
54 and the duration of high- and low-flow periods (Smokorowski, 2022). At longer (seasonal-to-annual) scales, reservoir
55 operations commonly suppress flood peaks during wet periods and augment low flows during dry periods, which partially
56 decouples discharge from natural hydroclimatic variability (Déry et al., 2016). The magnitude and spatial footprint of these
57 alterations depend on interacting factors, including project purpose (e.g., flood control, waterpower, recreation), reservoir
58 storage and dam operating rules, river-network configuration (e.g., reservoir size relative to inflow, cascades of dams and
59 diversions, and channel hydraulics), and basin physiography and hydroclimate (Burke et al., 2009; Jorde et al., 2007).

60 A recent systematic review of 155 studies by Bipa et al. (2024) further showed that hydropeaking affects more than
61 discharge alone: it can also modify water temperature, sediment processes, and dissolved gas conditions, with well-documented
62 consequences for fish (e.g., movement, spawning, migration), benthic macroinvertebrates, and riparian vegetation. Global
63 reliance on dams is expected to remain high or even increase in response to growing water stress, energy demand, and climate
64 change, making robust assessment of dam impacts increasingly important (Steyaert et al., 2025; Tharme, 2003).

65 In the hydrologic modeling community, where model implementations can often assume natural conditions,
66 streamflow alteration can negatively influence model calibration and validation. Symptoms include biased parameter
67  estimation, reduced model transferability, and unreliable predictions under changing conditions. These impacts are especially
68 pronounced in large-scale modeling, where reservoir operations and other human-water processes are difficult to represent
69 consistently due to data limitations, simplified operating rules, and challenges in evaluation across large domains (Dang et al.,
70 2020; Shrestha et al., 2024; Wada et al., 2017; Yassin et al., 2019; Zajac et al., 2017).

71 Assessing flow alteration is increasingly important for hydrologic modeling and water management purposes, and it
72 is critical for both process-based and data-driven models. Altered flow regimes remain difficult to represent in process-based
73 hydrologic models, especially at large scales where reservoir operations are often simplified and poorly constrained by
74 observations (Wada et al., 2017). Recent deep-learning rainfall-runoff studies showed that conditioning models on static
75 catchment attributes substantially improves generalization across basins by helping networks learn basin-to-basin differences
76 in storage and response behavior (Kratzert et al., 2019a, b). However, in human-altered rivers, discharge reflects not only
77  hydroclimate and physiography but also operational decisions; incorporating regulation descriptors as attributes has been
78 shown to improve prediction skill in regulated catchments (Tursun et al., 2024). Moreover, alterations can undermine
79  parameter transfer in regionalization by breaking hydrologic similarity assumptions, thus complicating streamflow prediction
80 in poorly-gauged or ungauged basins (Bloschl, 2013; Dang et al., 2020; Du et al., 2022; Hrachowitz et al., 2013; Montanari et
81 al., 2013). This need for scalable assessment is also consistent with regional environmental-flow frameworks that recognize

82  the impracticality of evaluating hydrologic alteration on a river-by-river basis across large domains (Poff et al., 2010).
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83 The impacts of dam and reservoir-caused alteration on hydrology have been widely documented in recent decades
84 (Déry et al., 2016; Grill et al., 2014; Habets et al., 2018; Lehner et al., 2011; Richter et al., 2010; Yang et al., 2022). In parallel,
85  numerous indices have been developed to quantify regulation intensity and related impacts across river systems, ranging from
86 storage-based metrics (e.g., degree of regulation) to fragmentation and connectivity metrics used in large-scale assessments
87 (e.g., Nilsson et al., 2005; Grill et al., 2014), including reach-based, decadal dam impact metrics that propagate cumulative
88 upstream storage effects through river networks (e.g., Wieczorek et al., 2021).
89 One of the most widely used storage-based measures is the degree of regulation (DOR), a residence time proxy
90 defined as the ratio of the total reservoir storage capacity to the mean annual flow. Higher DOR values indicate greater potential
91 for regulation influence. The DOR has been mapped globally and is included as an attribute in several global dam/reservoir
92 datasets (Lehner et al., 2011, 2024; Nilsson et al., 2005; Yin et al., 2024). However, like all metrics, DOR has several
93 limitations: (1) using total reservoir storage capacity (both active and dead storage) can overestimate regulation impacts
94 (Kumar et al., 2022; Lehner et al., 2011); (2) global DOR estimates often rely on empirically inferred storage capacities and
95 modelled mean annual river flow, which introduce substantial uncertainty (Lehner et al., 2011); (3) reservoir-by-reservoir
96  DOR does not adequately represent cumulative effects of cascading reservoirs within a river network (Habets et al., 2018;
97  Kumar et al., 2022); and (4) DOR is defined at a dam/reservoir and does not directly propagate downstream. Overall, these
98 limitations make DOR less suitable for subbasin-scale hydrologic applications that require cumulative network effects,
99 downstream propagation beyond the regulation sources, and strong grounding in local inventories to produce reliable spatial
100 estimates of streamflow alteration.
101 Another commonly used concept for characterizing dam and reservoir impacts is the zone of influence (ZOI), which
102 delineates the upstream and downstream river-network areas affected by a dam, reservoir, or WPF (SEI International, 2009;
103 Stainton, 2012). The hydrologic ZOI provides a practical framing of the spatial footprint of flow regulation beyond the structure
104  itself. The ZOI concept is also relevant in broader river management contexts, since flow alteration footprints can inform
105 aquatic ecosystem assessment and impact evaluation, although the ecological consequences of regulation are not necessarily
106  bounded by simple hydrologic distance- or area-based rules (Metcalfe et al., 2013).
107 Stainton (2012) noted that the upstream ZOlI is often straightforward to delineate (e.g., reservoir inundation), whereas
108 the downstream ZOI is more difficult to define because it lacks a clear boundary and depends on operating regime, river
109 hydraulics, and basin context. In this framing, the downstream ZOI extends from the tailrace to the point where operationally
110 induced alterations become sufficiently attenuated or diluted that they are no longer discernible from background conditions.
111 Stainton (2012) reviewed simple drainage area-based prediction rules, including a catchment-ratio threshold adapted from
112 Petts (1978, 1979, 1980) and the British Columbia “area of impact” multiplier (Lewis et al., 2004), but showed that these
113 heuristics can substantially under- or over-estimate influence when tested in Ontario basins. These studies highlight both the
114 usefulness and the limitations of simple drainage area-based heuristics for delineating downstream alteration footprints and
115 point to the need for approaches that more explicitly represent cumulative network effects and are better suited to large-sample
116  hydrologic applications.
117 The decadal dam impact (DI) metric of Wieczorek et al. (2021) characterizes the degree of dam regulation for
118 individual river reaches over time based on cumulative upstream reservoir storage, the relative drainage area represented by
119  upstream dams, and the volume of precipitation within the reach drainage area. Unlike reservoir-level indices, DI is defined at
120 the river-reach scale and explicitly represents cumulative upstream effects through the river network. This reach-based,
121 temporally structured formulation is a major strength, as it moves beyond single-reservoir metrics and enables large-scale
122 assessment of potential cumulative dam influence. However, DI remains fundamentally dependent on reservoir storage
123 information and thus inherits limitations common to storage-based approaches, including uncertainty in reported or inferred
124 storage capacity and the fact that storage alone cannot fully represent reservoir operations or actual streamflow alteration.

125 Although DI is available for millions of river reaches across the conterminous United States (US), its transferability to Canada
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126 and other regions is constrained by incomplete reservoir storage information and by the current US-only coverage of the
127 published dataset.

128 To better quantify and map the impacts of streamflow alteration across basin drainage networks in Canada, we
129 introduce a new, relatively simple streamflow alteration metric: the Streamflow Alteration Index (SAI). SAI represents the
130  potential influence of dams and reservoirs at any location in a basin and supports spatially explicit mapping of streamflow
131 alteration. Specifically, SAI is defined as the percentage of upstream drainage area that is routed through an alteration source
132 and, by extension, provides a proxy for the fraction of streamflow at that point that passes through an upstream alteration
133 source. By propagating alteration signals downstream through the river network, SAI addresses a key limitation of many
134 traditional metrics that focus on individual dams or reservoirs and do not explicitly represent influence moving downstream
135 from the alteration sources. Moreover, SAI is designed to be practical in data-limited settings: unlike storage- or discharge-
136 based indices (e.g., DOR and DI), it does not require detailed time-varying information (e.g., long-term streamflow or
137 precipitation records) or hard-to-estimate infrastructure attributes (e.g., active reservoir storage). Instead, SAI relies on
138 identifying a key static attribute—whether a dam or reservoir is expected to substantially modify downstream flows—and then
139 propagating that influence through the river network. This design allows consistent application across large domains where
140 operational and storage data are incomplete or unavailable. We developed the SAI v1.0 database for Ontario, Canada,
141 leveraging the high-resolution Ontario Lake and River Routing Product Version 2 (OLRRP v2), which discretizes Ontario into
142 nearly 250,000 subbasins with an average area of 4.3 km? (Shen et al., 2024). The database provides subbasin-scale SAI maps
143 and associated GIS layers that support the classification of hydrological subbasins and hydrometric gauges and include
144 harmonized attributes describing alteration signal sources and gauge metadata.

145 It should be noted that the present SAI framework focuses on flow alteration arising from instream structures and
146 lake outflow control structures, including dams, reservoirs, waterpower facilities, and lockstations, that modify water levels,
147  storage, and releases. Accordingly, it does not explicitly account for other anthropogenic influences on streamflow, such as
148 wastewater treatment plant effluent, industrial discharges, irrigation withdrawals and return flows, managed aquifer storage
149 and recovery, landscape change (e.g., urbanization), or inter-basin transfers and canal or diversion systems. In many basins,
150  these influences are secondary relative to large dams, but they can still represent a non-trivial fraction of discharge during low-
151 flow periods and may meaningfully affect flow magnitude and seasonality. These mechanisms are not incorporated here
152 because consistent province-wide datasets are not available for all source types. Nevertheless, the SAI framework could be
153 extended to include them in future applications where suitable databases and network attribution become available.

154 The remainder of this paper is structured as follows. Section 2 details the data sources and methodology for the
155 development of the SAI v1.0 database for Ontario, as well as the approach to validating the database. Section 3 presents the
156 SAI v1.0 database and the validation results. Section 4 discusses the intended use, limitations, and broader applicability of the

157 dataset. Section 5 summarizes the main conclusions.

158 2. Materials and Methods

159 The impacts of streamflow alteration caused by dams and reservoirs manifest spatially rather than being confined to
160  the point scale. Impacts generally diminish downstream from each alteration signal (or site) due to the mixing of the altered
161  flow signals with the signal from natural incremental runoff. However, if a new alteration site is introduced along the way, the
162  impacts may be amplified again. Therefore, identifying all likely sources of instream alteration is critical in mapping their

163 impacts on streamflow in space.
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170 2.1 Data Sources

171 Six main datasets are used to develop and validate the SAI database for Ontario:

172 e Ontario Lake and River Routing Product Version 2 (OLRRP v2): The OLRRP v2 is a high-resolution, vector-based

173 lake and river routing GIS product over the Province of Ontario (Shen et al., 2024) and is an update to OLRRP vl
174 introduced by Han et al. (2023). It supplies network topology and various subbasin, channel, and lake attributes required
175 for hydrological modeling. The OLRRP v2 connects 245,576 subbasins and 82,928 lakes (surface areas ranging from 0.1
176 km? to 4,506 km?) and assigns 4,033 points of interest (POI) to these subbasins and lakes. Lake polygons and attributes
177 were employed from the HydroLAKES database (Messager et al., 2016). Each POI was treated as a pour point during the
178 delineation process, ensuring accurate placement at subbasin outlets. These POI were derived from multiple point-based
179 datasets, including hydrometric monitoring gauges from the Water Survey of Canada (WSC). The OLRRP v2
180 demonstrated high spatial accuracy for POI locations, with 74% of WSC gauges showing less than 2% difference between
181 their delineated and documented drainage areas. Only 4% of WSC gauges exhibit absolute drainage area differences
182 greater than 10% (Shen et al., 2024). Overall, this product provides a high-resolution lake and river routing network for
183 SAI development.

184 e Ontario dams: Three provincial dam databases provided by Ontario Ministry of Natural Resources (MNR) are used: (1)
185 The Ontario Dam Inventory (ODI), which is a point-based inventory of medium and large dams throughout Ontario with
186 dam names and dam owner information provided (Ontario Ministry of Natural Resources, 2014). We used the version
187 accessed in January 2024. The ODI contains 1,839 dam points owned and managed by a variety of entities, including
188 government agencies at federal, provincial, and municipal levels, conservation authorities, indigenous communities,
189 private owners, and Ontario Power Generation; and (2) a dataset of 389 Ontario MNR-operated dams that contains two
190 additional attributes, including dam operation status (operational or decommissioned) and dam purposes (e.g., flood
191 control, low flow augmentation, navigation, and recreation). Note that these two datasets have 347 dam points overlapping,
192 and the total net count is 1,881.

193 e Waterpower facilities (WPFs). We used the Waterpower Generation Stations dataset maintained by the Ontario MNR

194 (retrieved the version published in December 2024) to characterize potential streamflow alteration associated with
195 waterpower infrastructure. For all retrieved 211 stations, the dataset provides an operation type (OPERATION_TYPE),
196 which distinguishes run-of-river facilities from plants designed for load-following (e.g., peaking, intermediate) or
197 pumped-storage operation. This field offers a descriptor of how a facility is typically operated and the management
198 objectives that may drive water level and release decisions. In addition, we used the river system plan type provided in
199 the Ontario provincial Water Management Plan (WMP) (simple vs. complex; Ministry of Natural Resources (2016)) as a
200 third, system-level indicator of operational context. This attribute is originally associated with rivers and WPFs, which
201 reflects whether river operations are managed under limited control (simple) or under more coordinated, multi-structure
202 planning (complex).

203 e Lockstations. Lockstations were incorporated to represent flow regulation associated with navigational water-level
204 management in Ontario. We digitized/compiled 72 lockstations located on the Trent-Severn Waterway, the Rideau Canal,
205 and the Welland Canal, which collectively include the lock systems in the Trent River-Rice Lake-Kawartha Lakes-Lake
206 Simcoe corridor, along the Rideau Canal, and along the Welland Canal between Lake Ontario and Lake Erie. Lockstation
207 locations and supporting site information were obtained from the official Parks Canada lockstation directories and
208 associated lockstation pages for the Trent-Severn Waterway and Rideau Canal, and from official Great Lakes St. Lawrence
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209 Seaway sources for the Welland Canal locks. These lockstations were treated as point-based infrastructure that can alter
210 downstream streamflow through operational control structures (e.g., lock gates and related water-control works) and were
211 integrated into the routing network as part of the SAI v1.0 alteration signal inventory.

212 e Hydrometric Gauges: We compiled 1,015 hydrometric gauges from the Water Survey of Canada (WSC) that are

213 embedded in the OLRRP v2 POI layer. Many of these gauges carry a WSC regulated/natural flag (Water Survey of Canada,
214 2024). However, the criteria and rationale used to assign these classifications are not fully documented, which can
215 introduce uncertainty in analyses that distinguish regulated from natural conditions using WSC flags alone. Despite this
216 limitation, the WSC regulation flag remains widely used in Canadian hydrological studies since it is currently the only
217 publicly available, nationwide indicator of regulation status (Arsenault et al., 2020; de Rham et al., 2020). Here, we
218 compare the WSC binary flag with SAl-derived conditions at gauge locations to illustrate the added value of a spatially
219 explicit, network-propagated streamflow alteration metric.

220 e Reference Hydrometric Basin Network (RHBN): The RHBN is a subset of Canada's national hydrometric monitoring

221 stations, maintained by the WSC. It features high-quality, long-term data from catchments with minimal human impacts,
222 which are essential for understanding natural hydrological variability and serve as a benchmark for climate-related studies
223 (Brimley et al., 1999; Ouarda et al., 1999). The RHBN, updated in 2020, includes 1027 stations across Canada, of which
224 154 stations are within Ontario (Pellerin, 2019). These 154 stations are used as the primary reference to validate the
225 proposed SAI database in this study.

226 2.2 Identification of Alteration Signal Sources

227 Alteration signal sources refer to point-based locations where streamflow is first modified by instream infrastructure,
228 represented here by the outlet location of a dam, reservoir, waterpower facility, or lockstation. It should be noted that not all
229 structures captured in available inventories meaningfully alter downstream streamflow. For example, small barriers (e.g., weirs)
230 constructed primarily for local water-level augmentation have limited influence on discharge compared with actively managed
231 reservoirs (e.g., facilities operated for flood control or waterpower generation). Consequently, a key step in developing the
232 SAI database is to filter out sources that are likely to have minor impacts and retain those expected to produce substantial
233 downstream alteration.

234 At the provincial scale, however, detailed operating rules and regulatory planning information are not consistently
235 available for the thousands of structures managed by diverse entities (e.g., federal and provincial agencies, conservation
236 authorities, the Ontario Ministry of Natural Resources, and private owners). Our assessment of minor versus major alteration
237  therefore relies on information that is broadly available and consistently documented across datasets. We classified each
238 candidate alteration signal source into one of three levels: confirmed (Level I), potential (Level II), and negligible (Level III).
239 Level I sources are identified with high confidence as substantially modifying downstream streamflow. Level Il sources are
240 likely to affect streamflow but with greater uncertainty in the presence and magnitude of alteration, and a smaller expected
241 influence than Level 1. Level III sources are assumed unlikely to meaningfully alter streamflow and are treated as negligible
242 or insignificant alteration sources for SAI mapping. These categories are summarized in Table 1, and Level I and Level 1T
243 signals are described further below. In total, we identified 643 Level I and Level 11 signal sources from 2,475 candidates, where
244 multiple signal sources within the same subbasin are counted once.

245 e Confirmed alteration signal sources (Level I). Level I signals represent locations where streamflow alteration is

246 expected to be substantial and is supported by strong evidence. For waterpower facilities (WPFs), we classify a facility as
247 a Level I alteration source based on three operational indicators: (1) association with a complex Water Management Plan
248 (WMP), which is typically developed for river systems with multiple WPFs and/or other control structures where
249 coordinated operations exert substantial control over water levels and releases (Ministry of Natural Resources, 2016); (2)
250 an operation type reported as pumped-storage, peaking, or intermediate; or (3) a reservoir purpose reported as waterpower.
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251 Moreover, all lockstations are treated as Level I signals, as they are operated as water control structures for navigation and
252 water level management.

253 e Potential alteration signal source (Level II). Since complete and consistently documented information on the operational

254 significance of individual control structures is rarely available at large scales (unavailable in Canada), we define Level 11
255 sources as features that are likely to influence streamflow but for which the magnitude and persistence of alteration are
256 more uncertain, but likely less, than for Level I sources. Level II sources are identified using three complementary criteria:
257 (1) All remaining WPFs in the provincial dataset that are not classified as Level I (i.e., facilities lacking strong indicators
258 of substantial alteration but still plausibly capable of affecting flows); (2) Structures in the ODI whose metadata suggest
259 control functions, including dams with names containing the keyword “control dam” and dams owned by conservation
260 authorities or Ontario Power Generation (OPG). We include OPG-owned dams as potential alteration sources because
261 OPG operates a large portfolio of waterpower infrastructure in Ontario, and ownership by a major waterpower operator is
262 a practical proxy for the presence of active water-level and release management even when facility-specific operational
263 details are not available; and (3) MNR dams that are operational (excluding decommissioned or non-operational structures)
264 and whose stated purpose includes flood control and/or low flow augmentation. Together, these criteria provide a
265 pragmatic, evidence-based way to capture plausible alteration signals where detailed operational data are unavailable.

266 e Negligible alteration sources (Level III). Level III sources represent inventoried control structures that are unlikely to

267 meaningfully alter streamflow and are therefore treated as negligible alteration in this study. After identifying Level I and
268 Level II alteration signal sources, all remaining structures in the ODI and the MNR dam dataset are assigned to Level III.
269 These features may include small or pass-through structures, localized controls, or infrastructure with limited storage or
270 operational influence, for which available metadata do not indicate active alteration (e.g., flood control, low flow
271 augmentation, or waterpower-related management). Level III sources are retained to document screening decisions and
272 avoid double counting, but they are not used to propagate alteration signals in the SAI calculations.

273 2.3 Geospatial Alignment for Alteration Signal Points

274 The Streamflow Alteration Index (SAI) is calculated at the OLRRP subbasin scale, with subbasins roughly 4.3 km?
275 in area on average. Accurate assignment of alteration signal sources, including dams, reservoirs, waterpower facilities and lock
276 stations, to the correct OLRRP subbasins is therefore essential. We refer to this geospatial alignment process as snapping.
277 Alteration signal sources and hydrometric gauges were initially represented as point features. Since source datasets
278 contain positional uncertainty, raw point locations do not always coincide with the correct rivers, lakes, or subbasin outlets in
279 OLRRP. We aligned these points to the OLRRP network using a two-stage workflow: (1) automated snapping to the most
280  plausible topologically consistent location, followed by (2) detailed manual review. Snapping was constrained by OLRRP lake
281 and subbasin topology, feature names (string matching), and agency-documented drainage areas where available. Manual
282 verification compared the snapped locations against satellite imagery and online basemaps (Google Maps and Esri Basemaps;
283 Google, 2024; Esri, 2024). The final count of points after snapping is summarized in Table 1.

284 The OLRRP network is pre-delineated and fixed; thus, some points, particularly small run-of-the-river structures,
285 may remain positioned within a subbasin after snapping rather than exactly at the subbasin outlet. This is acceptable for SAI
286  because OLRRP subbasin resolution is quite high and so within-subbasin placement introduces limited spatial errors.

287

288 Table 1. Definitions and screening criteria used to classify alteration signal sources into confirmed (Level I), potential (Level
289 II), and negligible (Level III) categories for Streamflow Alteration Index (SAI) development, based on waterpower facility
290  and dam datasets in Ontario. “Number of sources” reports the count of points successfully snapped to the OLRRP river network

291 and retained for analysis; records with large spatial discrepancies after snapping were excluded (see note below table).
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296
297
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299
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301
302
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304
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306
307
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(OPG)

Dams for flood
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dams are not

The Ontario MNR operated dams

MNR Dams conta%n z.idditional information 189 \
not within the ODI such as dam

All dams not
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operation status and dam purpose. decommissioned or
non-operational
Lockstations from the Trent-
Severn Waterway, the Rideau
. Canal, and the Welland Canal are .
Lockstations 72 All lockstations \ \

included as point-based signals
representing navigational flow
control structures.

"The original Ontario Dam Inventory (ODI) includes 1,839 dam points. Of these, 36 were excluded from the alteration signal
sources due to substantial spatial mismatches between the reported dam locations and the Ontario Lake and River Routing
Product (OLRRP), which could not be resolved using secondary data sources or agency contact.

2.4 Streamflow Alteration Index (SAI)

In many studies such as hydrologic modeling, whether a location (e.g., a hydrometric gauge) is affected by upstream
alteration is often represented as a binary agency flag (natural vs. regulated), and detailed reconstruction of dam operating
rules is uncommon in large scale applications. Although explicit reservoir operating rules can improve model performance in
regulated basins (Craig et al., 2020; Hughes et al., 2021; Salwey et al., 2024; Yassin et al., 2019), these data are rarely available
consistently at large scales. Such practical constraints motivate spatially explicit, network-aware indicators of alteration that
can be derived from limited but widely available information.

Our Streamflow Alteration Index (SAI) quantifies the likely degree of streamflow alteration upstream of any location
in a river network (e.g., a subbasin outlet). SAI is an area-based metric that propagates alteration signals through the drainage
network, summarizing the percentage of upstream drainage area routed through locations that contain alteration signal sources.
Assuming streamflow is proportional to upstream drainage area, a SAI value of 30% at some point on the river network
indicates that 30% of the streamflow at that point is routed through at least one upstream alteration source like a dam. We
compute SAI at the subbasin scale (at the subbasin outlet points only) to support spatially continuous mapping of dam and

reservoir-related alteration across large domains, including ungauged basins.
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309 To reflect differences in confidence and expected influence among alteration sources, we compute two
310 complementary indices: SAI I, representing alteration associated with confirmed (Level I) sources, and SAI II, representing
311 alteration associated with potential (Level II) sources. The two indices are calculated independently: SAI I is derived from
312 Level I sources only and ranges from 0 to 100%, whereas SAI II is derived from Level II sources only and ranges from 0 to
313 100%. Figure 1 illustrates the SAI calculations using a hypothetical subbasin-river network. The calculation procedure consists
314 of three steps.

315 Step 1: Identify alteration signal sources. Identify all Level I and Level II alteration signal sources for the basin (subbasins

316 B, E, G and M in Figure 1a). Signal source classification is described in Section 2.2.
317 Step 2: Initialize SAI_I and SAI_II. For each subbasin, initialize the two indices based on the presence of alteration sources
318 within the subbasin. If a subbasin contains one or more Level I sources, set SAI_I = 100%; otherwise set SAI_1=0.
319 If a subbasin contains one or more Level II sources, set SAI_II = 100%; otherwise set SAI_II = 0. Since the indices
320 are independent, a subbasin containing both Level I and Level II sources is initialized as SAI I = 100% and SAI II
321 =100%.
322 Step 3: Propagate indices through the river network. Computationally traverse the routing network from headwaters to the
323 outlet. For each downstream subbasin &, compute SAI Iand SAI II as drainage area-weighted averages of the indices
324 of its directly connected upstream subbasins, as given by Egs. (1) and (2), respectively. During the network traversal,
325 if subbasin £ contains a Level I alteration signal source, SAI I is set to 100% regardless of upstream values (e.g.,
326 SAI I resetting at the outlet of subbasin F in Figure 1); similarly, if subbasin & contains a Level II signal source,
327 SAI Ilxis set to 100%. This same-level “reset” reflects the assumption that once flow passes through a signal source,
328 the corresponding alteration becomes locally dominant at that location and downstream of it.
100%, Subbasin contains Level I signal source
329 SALIL = { 2}'1=1(52—i-l’w") x 100%, Otherwise M
100%, Subbasin contains Level Il signal source
330 SALII, = [ E};l(szl;ujxnj) % 100%, Otherwise 2

331 where £ is the index of a given subbasin within the routing network; # is the total number of subbasins immediately upstream
332 of subbasin £ (i.e., those directly draining into subbasin k), indexed by j; j denotes the jth directly connected upstream subbasin
333 to subbasin k; Dk represents the total drainage area of subbasin &, encompassing its own area and the areas of all upstream
334 subbasins; SAI I; and SAI II; represent the SAI values calculated for each directly connected upstream subbasin j. The
335 resulting SAI values SAI Ir and SAI Il are expressed as percentages.

336 SAI values represent the expected degree of alteration at each subbasin outlet along the routing network (Figure 1b).
337 SAI I ranges from 0 to 100% and reflects influence associated with confirmed (Level I) sources, whereas SAI II ranges from
338 0 to 100% and reflects influence associated with potential (Level II) sources. Downstream propagation follows a drainage
339 area-weighted mixing assumption: alteration attenuates as incremental contributing area and tributary inflows add water from
340 natural subbasins and dilute the upstream signal. This behavior is illustrated in Figure 1b, where SAI decreases between
341 confluences as contributing area increases, and step changes (i.e., resetting) occur at subbasins containing new sources. When
342 a subbasin contains a new alteration source, the corresponding same-level index is reset to its source magnitude (SAI 1= 100%
343 for Level I; SAI_II=100% for Level II) prior to further downstream propagation. Unlike indices based on the summed storage
344 of all upstream reservoirs, this resetting rule is designed to track the spatial imprint of alteration signals along the network, so
345 that SAI reflects downstream propagation and dilution rather than simple cumulative accumulation of upstream infrastructure.
346 Furthermore, since SAI I and SAI II are propagated independently, it allows an upstream Level I signal to remain traceable
347 downstream even after the network passes a Level II source, thereby avoiding artificial truncation by a weaker downstream

348 Level II signal.
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349 Overall, the SAI framework provides a parsimonious, network-based characterization of streamflow alteration at the

350 subbasin scale that is readily interpretable for applications such as delineating downstream influence zones, screening
351 hydrometric gauges for dam impacts, and supporting aquatic and ecological analyses, without requiring detailed dam or
352 reservoir operating information. For subsequent applications, SAI I and SAI II values can be translated into categorical

353 classes (e.g., natural, conditional, altered) using predefined thresholds (Section 2.5).

354
(a) Subbasin-River Schematic K|
L
Flow Direction C
B/‘\ v 18 M 32
—
= 3 F N|
A 4 D 26 A Y 3
——
E 56 5
=
o
. G 70|H I 86|J 128
(b) SAI Along the Main Stem
100
80 AN
After
Confluence
g 60
S 40
After Confl
20 er Confluence
0 L g
Distance Along Main Stem(A—-B —->C—>D—>E—->F—->G—-H—-1-))
355 [[] Subbasin — River A LevellSignal A Levelll Signal —e— SAI I SAL_Il

356 Figure 1: Conceptual illustration of the streamflow alteration index (SAI) propagation along a routing network. (a) A
357  simplified subbasin-river schematic (lakes omitted for brevity) showing the main stem (A >B >C>D>E>F >G>
358 H - 1> J) with two tributaries (K = L and M - N) joining at subbasins E and J. Four alteration signal sources are located
359 in subbasins B, E, G and M (filled triangle: Level I; open triangle: Level II). Subbasins are overlaid with equal-sized dashed
360 grid cells to facilitate visual comparison of contributing areas, and blue numbers in the lower-right corners denote drainage
361 area at the subbasin outlet (expressed as the number of dashed grid cells). (b) Example longitudinal profiles of SAI I (red) and
362 SAL II (orange) along the main stem, illustrating (1) downstream attenuation (dilution) of alteration signals with increasing
363 contributing area and tributary inflows, and (2) SAI resetting to source magnitude when the flow passes a new same-level
364 signal source (e.g., SAI I resets to 100% at the outlet of subbasin G). Note that the SAI lines denote continuous changes in
365 SAI along the flow path, with linear attenuation assumed within each subbasin, whereas the points reflect the discrete SAI
366 values at subbasin outlets along the flowpath. The paired points at the outlets of subbasins E and J show SAI values
367 immediately before and after tributary confluence. The distance shown on the x-axis in panel (b) is approximate, since the river

368 segments in panel (a) are schematic and not drawn to scale.

369 2.5 Validation of SAI at Hydrometric Gauges

370 The accuracy and reliability of SAI depend on the completeness and quality of the datasets used to identify alteration
371 signal sources. We therefore prioritized provincial inventories over global datasets such as the GeoDAR (Wang et al., 2022)
372 and Global Dam Watch (Lehner et al., 2024) when developing SAI v1.0 for Ontario. Although global products provide broad
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373 coverage and have undergone quality control, our province-scale data source inspection showed that global sources can miss
374 important dams, reservoirs, and major waterpower facilities in Ontario, which would lead to spatial under-identification of
375 alteration signals and underestimation of alteration extent.

376 We retained only active Water Survey of Canada (WSC) streamflow and water level gauges for validation that had
377 at least three years of observations during 1990 to 2024. This screening removes discontinued gauges and helps ensure that
378 the selected gauges reflect alteration conditions over recent decades, which are more consistent with the present-day influence
379  of dams and reservoirs. Although water diversions occur in Ontario and are represented in the OLRRP network through
380 enhanced hydrologically conditioned flow directions, diversions reflect basin-scale redistribution rather than the instream dam
381 and reservoir alteration targeted by SAIL. Gauges primarily influenced by diversions were therefore excluded, including those
382 associated with regulated diversion works and watershed diversions recognized under Ontario water management frameworks
383 (International Joint Commission, 2020; Ontario Ministry of Natural Resources and Forestry, 2017).

384 After the screening, 488 WSC gauges remained for validation. These gauges are classified in the HYDAT database
385 as either “Regulated” or “Natural” (Water Survey of Canada, 2024). Since the RHBN gauges are a subset of the WSC gauge
386  network, 148 RHBN gauges were included within the 488-gauge WSC set. The validation dataset therefore comprised three
387 gauge groups: (1) 148 RHBN natural gauges, (2) 125 WSC-natural gauges outside the RHBN set, and (3) 215 WSC-regulated
388 gauges.

389 RHBN gauges have been previously screened to represent virtually natural streamflow conditions with high
390 confidence (Brimley et al., 1999; Ouarda et al., 1999; Pellerin, 2019). By contrast, according to the HYDAT metadata (see
391 Data Availability), WSC-regulated gauges are defined as gauging stations with an upstream regulating structure, such as a dam
392 or weir. This classification is useful, but it is generally less certain than RHBN, because WSC regulation metadata are not as
393 complete or consistently documented. Accordingly, comparison with the WSC regulated/natural classification should be
394 interpreted only as a broad consistency check rather than as a rigorous validation of SAI.

395 We validated SAI v1.0 by comparing SAl-derived conditions at hydrometric gauge locations against independent
396 agency classifications from the WSC and the Reference Hydrometric Basin Network (RHBN). For each gauge (or subbasin),
397 we extracted the corresponding SAI I and SAI II values and assigned one of three categories: a location is natural if SAI 1

398 < 20% and SAI_II < 40%; it is altered if SAI_1 > 20%; and it is conditional otherwise (i.e., SAI_I < 20% but SAI II >

399 40%). This three-class scheme prioritizes SAI_I for identifying altered conditions, because Level I sources represent confirmed
400 and typically stronger regulation signals, while SAI II is used to flag cases where alteration is plausible but more uncertain.
401 Thus, the conditional class indicates limited confirmed alteration but elevated potential alteration influence.

402 These classification thresholds were selected to provide a conservative separation between natural and altered
403 conditions. We adopted an SAI I threshold of 20% because Level I signals represent confirmed and typically stronger
404 alteration, which should remain limited in natural basins. This threshold is also consistent with agency instream flow
405 assessment practice, which commonly applies pragmatic decision rules to delineate downstream impact limits for waterpower
406  projects, including watershed-area scaling criteria such as the “5 times drainage area” rule described by Lewis et al. (2004).
407  We adopted an SAI II threshold of 40% because Level II signals indicate potential rather than confirmed alteration, and thus
408 a somewhat more permissive threshold is appropriate. These thresholds are used only for screening and classification in the

409 validation analysis and related SAl-based applications; they do not affect the underlying SAI calculations.

410 3. Data Records and Technical Validation

411 This section describes the Streamflow Alteration Index (SAI) v1.0 database, including the GIS layers provided and
412 their key attributes (Section 3.1), followed by the technical validation of the database (Section 3.2).
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413 3.1 SAI v1.0 Database
414 The SAI v1.0 database for Ontario is publicly available under the Creative Commons Attribution 4.0 International

415 (CC BY 4.0) license at https://doi.org/10.5281/zenodo.19547932 (Shen et al., 2026). The release contains three primary data
416  products:

417 e Subbasin polygon layer (ontario_subbasin_sai_v1-0.shp): An Esri Shapefile containing SAI values for all subbasins in

418 the Ontario Lake and River Routing Product (OLRRP) v2 network.

419 e River polyline layer (ontario_river_v2-0-1.shp): An Esri Shapefile containing SAI values for all river reaches in the
420 Ontario Lake and River Routing Product (OLRRP) v2 network, which is paired with the subbasin layer.

421 e Alteration signal source table (ontario_alteration_signals.csv): An ASCII (tabular) dataset describing all Level I, Level
422 11, and Level I1II alteration signal sources in Ontario.

423 The Esri Shapefile is in the NAD 1983 Ontario MNR Lambert coordinate reference system (Lambert Conformal

424 Conic). The datasets and their attributes are described below.
425 (1) Ontario Alteration Signal Sources

426 This CSV table contains all 2,475 alteration signal sources identified in Ontario and used in the SAI workflow (Table
427 1). Since sources were compiled from multiple agencies and inventories, original metadata and attribute structures were not
428 uniform. We therefore retained only the core fields required for signal identification and SAI processing and harmonized key
429 identifiers and location fields to a consistent schema.

430 As summarized in Table 2, fields include: the OLRRP drainage region label (Region); the source dataset indicator
431 (SRC_obs), which records the provenance of each record (e.g., provincial dam inventories, waterpower facility datasets, and
432 lockstations); a source identifier (Obs_ NM) and, where available, a descriptive name (Gauge nm); the associated OLRRP
433 subbasin identifier (Subld); geographic coordinates (Lat, Lon) referenced to NAD 1983; and binary indicators (Level I,
434 Level II, Level III) that flag whether the source is treated as a confirmed, potential, or negligible alteration signal for SAI
435 mapping.

436 Name-related fields are not available for all source types. Records in the signal-source table can be linked to the
437 subbasin polygon layer via Subld (recommended) to retrieve the corresponding SAI I/SAI II values and additional OLRRP
438 v2 attributes for the hosting subbasin.

439

440 Table 2. Attributes in the alteration signal sources table of the Streamflow Alteration Index (SAI) v1.0 database for Ontario.

Attributes Descriptions

Region Drainage region of Ontario that served as subdomains in the OLRRP v2 delineation, including SW,
NE, SE, NW, NC, FNE, FNC1, FNC2, and FNW.

SRC_obs Source of the points. WSC: Gauge points from the Water Survey of Canada (WSC); ODI: dam points

from the Ontario Dam Inventory; MNR: dam points from the Ontario MNR; WPF: waterpower
facility points from the Ontario MNR; LOCKSTATION: Lockstation from the Trent-Severn
Waterway, the Rideau Canal, and the Welland Canal.

Obs NM The point of interest ID as reported by agency providing the location. A unique string is created for

this ID if it is not provided in the original sources to track points in the SAI database.

Gauge nm A name string for points preserved from their metadata of different sources if valid. This name

attribute is also a description of the point such as implying if the dam is a control dam.

Subld Unique identifier of subbasins in OLRRP v2.
Lat/Lon NAD 1983 geographic coordinates.
Level 1 Binary variable to indicate if an alteration signal source is Level I.
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Attributes Descriptions
Level 1II Binary variable to indicate if an alteration signal source is Level 1.
Level 111 Binary variable to indicate if an alteration signal source is Level 111.
441
442 (2) Ontario Subbasin-Scale SAI
443 The subbasin polygon layer delineates 245,576 subbasins across Ontario and provides SAI_I and SAI_II values (in %)

444 for each subbasin outlet. Subbasin boundaries and network topology are employed from the Ontario Lake and River Routing
445 Product (OLRRP) v2, with a mean subbasin area of approximately 4.3 km?. Attribute fields are documented in Table 3 and
446 include: (1) the OLRRP v2 drainage region identifier (Region); (2) the unique subbasin identifier (Subld) and its immediate
447 downstream identifier (DowSubld), which together define the directed river network topology; and (3) subbasin-scale SAI
448 values (SAI I and SAI II).

449 Since Subld and DowSubld follow the OLRRP v2 schema, users can link the SAI layer to the full OLRRP v2 attribute
450  tables to retrieve additional subbasin- and reach-level descriptors (e.g., drainage area, river length, river slope, and other routing
451 parameters) using table joins on Subld. A companion river-reach polyline layer is provided with a consistent identifier schema;
452 however, the number of reach features is smaller than the number of subbasins, because some subbasins (e.g., headwaters) do
453 not contain a mapped river reach.

454

455 Table 3. Attributes in the subbasin/river reach layer of the Streamflow Alteration Index (SAI) v1.0 database for Ontario.

Attributes Descriptions
) Drainage region of Ontario that served as subdomains in the OLRRP v2 delineation, including SW,
Region NE, SE, NW, NC, FNE, FNC1, FNC2, and FNW.
Subld Unique identifier of subbasins in OLRRP v2.
DowSubld ID of downstream subbasin.
Streamflow alteration index value for Level I signal sources at the outlet of the subbasin, in
SALI percentage.
Streamflow alteration index value for Level II signal sources at the outlet of the subbasin, in
SaLll percentage.
456
457 The Streamflow Alteration Index (SAI) v1.0 database provides a province-wide, subbasin-scale representation of

458 instream alteration by propagating point-based alteration signal sources downstream through the connected OLRRP v2
459 network. The resulting spatial patterns of SAI I (0-100%) and SAI II (0-100%) are mapped across Ontario in Figure 2,
460  revealing pronounced heterogeneity in streamflow alteration within and among the nine drainage regions. To illustrate these
461 propagation patterns more clearly at the regional scale, Figure 3 presents higher-resolution maps for the Southeast (SE) region,
462  where the spatial imprint of individual signal sources and their downstream influence can be seen more clearly along connected

463 river networks.
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465  Figure 2: Spatial distribution of subbasin-scale (a) SAI I and (b) SAI II across Ontario. Subbasin boundaries (gray outlines;

466  fill colors indicate SAI magnitude), rivers (blue lines; thicker lines indicate higher Strahler stream order), and lakes (blue

467 outlined polygons; only lakes with area > 100 km? are shown) are from the Ontario Lake and River Routing Product Version

468 2 (OLRRP v2). Ontario is partitioned into nine independent drainage regions: Southwest (SW), Southeast (SE), Northeast
469 (NE), North Central (NC), Northwest (NW), Far Northeast (FNE), Far North Central 1 (FNC1), Far North Central 2 (FNC2),

470 and Far Northwest (FNW).
471
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Figure 3: Higher-resolution maps of subbasin-scale (a) SAI I and (b) SAI_II for the Southeast (SE) region of Ontario. Black
points indicate Level I and Level II signal sources for SAI I and SAI II, respectively. Subbasin boundaries (gray outlines; fill
colors indicate SAI magnitude), rivers (blue lines), and lakes (blue outlined polygons; all lakes are shown) are from the Ontario

Lake and River Routing Product Version 2 (OLRRP v2).
Interactive high-resolution regional SAI maps are also available through the archived dataset, enabling users to

explore local propagation patterns beyond the province-wide overview shown in Figure 2. The SE example in Figure 3

illustrates the finer spatial detail available in these regional products.
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481 3.2 Validation of SAI v1.0 Database
482 This evaluation is intended to assess the usefulness of SAI as a screening dataset for instream alteration, rather than

483 to verify the exact magnitude of hydrologic alteration at individual sites. To validate the database, we first extracted SAI I and
484 SAI II values for the OLRRP v2 subbasins containing hydrometric gauges, then used these to assign hydrometric gauges a
485 SAl-based gauge class (natural, conditional, altered) using the thresholds defined in Section 2.5. We compared the resulting
486 SAI classifications against two independent reference datasets: Reference Hydrometric Basin Network (RHBN) gauges and
487 Water Survey of Canada (WSC) gauge classifications (Section 2.5). Validation gauges were organized into three reference
488 groups: (1) 148 RHBN natural gauges, (2) 125 WSC-natural gauges outside the RHBN subset, and (3) 215 WSC-regulated
489 gauges. Results are summarized in Figure 4.

490 Across gauges identified as natural by the reference datasets, SAI showed strong agreement. For RHBN natural
491 gauges (n = 148), 86% were classified as natural by SAI and 14% as conditional, with no gauges classified as altered (Figure
492 4a). The 21 RHBN gauges assigned to the conditional class indicate that there may be some inconsistency with this high-
493 confidence natural benchmark, which highlights that the present validation is necessarily approximate rather than exact. For
494  WSC-natural gauges outside the RHBN subset (n = 125), 86% were classified as natural, 12% as conditional, and 2% as altered
495 (Figure 4b). Agreement was lower, as expected, for WSC-regulated gauges (n = 215), for which SAI classified 26% as altered,
496  40% as conditional, and 34% as natural (Figure 4c). At minimum, this result suggests that the WSC regulation flag is relatively
497 conservative and may include basins that are only slightly altered or uncertain with respect to the type of instream alteration
498 represented by SAI. Overall, the pattern of disagreement in Figure 4 is consistent with expectations: the least disagreement
499 occurs for the highest-confidence reference dataset (RHBN), whereas the greatest disagreement occurs for the lower-
500 confidence WSC-regulated class.

501 Disagreements between SAl-based classes and agency labels are expected for several reasons: (1) The reference
502 classifications are not designed to isolate instream development impacts alone: RHBN screening may reflect broader watershed
503 pressures beyond instream infrastructure, and the basis for WSC “natural” and “regulated” labels is not consistently reported
504 at a level that enables one-to-one mapping to SAI; (2) SAI explicitly represents uncertainty through SAI I and SAI II by
505 incorporating both confirmed and potential alteration signal sources, which can yield conditional classifications where
506 evidence is incomplete; and (3) The alteration signal source inventory may be incomplete for some locations, which can lead
507 to underestimation of alteration where regulation exists but is not represented in available datasets. More broadly, the
508 mismatches in Figure 4 should be interpreted in light of uncertainty in both the reference labels and the SAI target classes,
509  rather than as definitive classification errors in either dataset. These considerations motivate interpreting SAI as a practical
510 screening tool that provides consistent, spatially comprehensive classifications, while allowing users to incorporate additional
511 local knowledge (e.g., hydrograph inspection or consultation of detailed upstream dam and reservoir information) when agency
512 labels and SAI classes disagree.

513 Despite these limitations, Figure 4 indicates that SAI v1.0 provides a practical provincial-scale screening tool. It
514  preserves a large majority of gauges labelled natural by RHBN and WSC, while partitioning WSC-regulated gauges into
515 altered, conditional, and natural subsets that can be prioritized for follow-up assessment.

516
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518 Figure 4. Summary of the Streamflow Alteration Index (SAI) validation results for three reference gauge groups: (a) RHBN
519  natural gauges, (b) WSC-natural (non-RHBN) gauges, and (c) WSC-regulated gauges. Donut charts show the proportion of
520 gauges assigned to each SAI class (natural, conditional, altered) based on the classification rules in Section 2.5. Natural is

521 defined as SAI I < 20% and SAI_II < 40%; altered is defined as SAI_I > 20%; all remaining cases are classified as

522 conditional. The number of gauges in each reference group (n) is shown at the center of each chart, and percentages indicate

523 the share of gauges in each SAl-based class.

524 4. Discussion and Limitations

525 The Streamflow Alteration Index (SAI) is not intended to quantify the precise magnitude of streamflow alteration at
526 a specific location—for example, the volume of water stored in reservoirs, operating releases, or the detailed changes in
527  hydrograph magnitude and timing relative to natural conditions. Instead, SAI is designed to provide a spatially continuous,
528 network-based screening metric with an approximate degree of alteration computed based on the percentage of upstream
529 drainage area routed through an upstream alteration source. Since SAI does not require site-specific observations or dam
530 operating rules, it is readily applicable at large spatial scales. Therefore, SAI values should be interpreted as indicating the
531 presence and potential influence of instream alteration rather than its absolute hydrologic magnitude. For example, a large
532 main stem subbasin downstream of a major dam may exhibit an SAI value comparable to that of a smaller tributary affected
533 by a smaller structure, even though the underlying volumes of altered flow may substantially differ.

534 In practice, SAI helps delineate the downstream footprint of instream alteration and identify hydrometric gauges that
535 may be influenced by upstream dams and reservoirs. This capability reduces uncertainty when screening hydrometric gauges,
536  particularly for large monitoring networks where “natural” versus “regulated” labels are not always accompanied by
537  transparent, consistent criteria. As demonstrated in Section 3.2, SAI aligns strongly with RHBN natural gauges and provides
538 a consistent, spatially comprehensive complement to agency classifications when selecting calibration and validation data for
539 large-domain hydrologic modeling.

540 A key limitation is that SAI v1.0 targets instream alteration signals and does not explicitly represent landscape-driven
541 alterations (e.g., land-use change, drainage modifications, agriculture, or urbanization). As a result, gauges classified as natural
542 by SAI may still be affected by non-structural watershed pressures that are outside the scope of the current signal inventory.
543 Hydrologic modelers should therefore treat SAI as an initial filter and incorporate additional information, such as land-use
544 datasets, water withdrawals, or hydrograph-based diagnostics, when evaluating gauge suitability for specific applications. Even
545 so, SAI can significantly reduce the initial workload by removing gauges with clear evidence of upstream instream alteration.
546 Another limitation is that downstream attenuation in SAI is represented using a drainage area-weighted mixing
547 assumption only. In reality, subbasins with similar drainage area may differ in their effective attenuation capacity because of

548 lakes, wetlands, channel storage, and routing characteristics. In particular, subbasins containing lakes may exert stronger flow-
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549  buffering and hydrograph-smoothing effects than lake-free subbasins of comparable size (Hudson et al., 2021). As a result, the
550 current formulation should be viewed as a first-order approximation of downstream dilution rather than a full representation
551 of hydrologic attenuation processes.

552 A further methodological simplification is that Level I and Level II signals are propagated independently. As a result,
553 a downstream Level II source does not attenuate or replace an upstream Level I signal. This behavior was intentional, because
554 Level I signals dominate the identification of altered sites in the current screening framework, and preserving their traceability
555 helps avoid artificial suppression by more uncertain downstream Level I sources. Therefore, this simplification is expected to
556  have limited effect on the final altered—natural-conditional classification, although it may not fully represent more complex
557 interactions among sequential source types along the same river path.

558 Moreover, incomplete or uncertain inventories of dams and waterpower facilities can lead to underestimation of
559 alteration where infrastructure is missing from available datasets. We therefore recommend using SAI v1.0 as a preliminary
560  reference for gauge screening and for interpreting model performance in Ontario, followed by targeted basin-specific review
561 where needed, especially where SAI_II is elevated, which may indicate potential alteration influence with higher uncertainty.
562 The successful validation and demonstrated utility of SAI v1.0 in Ontario suggest strong potential for extending the
563 methodology to broader spatial domains. Ongoing advances in large-sample dam and reservoir inventories, together with the
564 increasing availability of high-resolution hydrographic routing frameworks at national, continental, and global scales, make it
565  feasible to implement the SAI framework beyond Ontario and to develop network-based screening products that support more

566 consistent assessment of instream alteration for hydrologic and ecological applications at large scales.

567 5. Conclusions

568 We developed the streamflow alteration index (SAI) v1.0 database for Ontario to provide a spatially continuous,
569 subbasin-scale screening product that maps the downstream influence of instream alteration signal sources across a connected
570  hydrographic network. The database includes paired indices (SAI I and SAI II) that represent two different levels of alteration
571 influence based on confirmed and potential sources, enabling consistent classification of streamflow at subbasin outlets (and
572 thus hydrometric gauge locations) as natural, conditional, or altered. Our SAI database and suite of online maps across Ontario
573 enable water resources researchers and practitioners to quickly assess the potential degree of streamflow alteration for any
574  point on the surface water network in Ontario, while accounting for differences in source confidence.

575 Validation against independent reference classifications indicates that SAI classified 86% of RHBN natural gauges
576 and 86% of WSC-natural gauges as natural, while 74% of WSC-regulated gauges were classified as conditional or natural.
577 Overall, SAI v1.0 offers a practical, network-based tool for large-domain hydrologic and ecological applications,
578 including gauge screening, model calibration/validation support, and basin-scale prioritization of locations potentially affected
579 by upstream alteration. Future work will focus on improving alteration source inventories, extending the framework to larger
580 scales (e.g., national applications across Canada), and integrating complementary information to better represent non-structural

581 watershed alterations.

582 Data Availability

583 The Streamflow Alteration Index (SAI) v1.0 database developed in this study, including the subbasin polygon layer, river
584  polyline layer, alteration signal source table, and accompanying documentation, is archived on Zenodo under the Creative
585 Commons Attribution 4.0 International (CC BY 4.0) licence: https://doi.org/10.5281/zenodo.19547932 (Shen et al., 2026).
586 The dataset should be cited as follows:

587 The Zenodo metadata record is publicly accessible. During manuscript review, the data files are available to editors and
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An interactive online SAI map for Ontario will be released upon publication. For manuscript review, an example interactive

map for the Southeast (SE) drainage region is available below.

https://www.arcgis.com/apps/mapviewer/index.html?layers=b58a3e73c15d4f0ca61elf5c62a2acde

All input datasets used in this study are publicly available from their original sources:

Ontario Lake and River Routing Product, Version 2 (OLRRP v2): available through Shen et al. (2024). OLRRP website

at: https://uwaterloo-olrrp.shinyapps.io/OLRRP-V2/

Ontario Dam Inventory (ODI): available from the Ontario Ministry of Natural Resources (MNR).

Download at: https://geohub.lio.gov.on.ca/maps/mnrf::ontario-dam-inventory/about

Hydrometric gauge data (Water Survey of Canada, WSC): available from the HYDAT database.

Download at: https://collaboration.cmc.ec.ge.ca/cme/hydrometrics/www/

Metadata file: https://collaboration.cmc.ec.gc.ca/cmc/hydrometrics/www/ECDataExplorer EN.pdf

Reference Hydrometric Basin Network (RHBN): documentation and data access available at:
https://www.canada.ca/en/environment-climate-change/services/water-overview/quantity/monitoring/survey/data-
products-services/reference-hydrometric-basin-network.html

Trent-Severn Waterway National Historic Site: https://parks.canada.ca/lhn-nhs/on/trentsevern/visit/posteeclusage-
lockstation

Rideau Canal National Historic Site: https://parks.canada.ca/lhn-nhs/on/rideau/visit/posteeclusage-lockstation

Welland Canal locks: https://greatlakes-seaway.com/en/the-seaway/our-locks-and-channels/

Code Availability

The scripts used to calculate and propagate SAI values through the OLRRP v2 routing network are archived in a public GitHub

repository below. These scripts reproduce the core SAI calculation workflow used to generate the SAI v1.0 database.

https://github.com/hongren-shen/streamflow-alteration-index/tree/main
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