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Towards an upgrading of minimum flows: the ecological effects of summer low flows in a regulated lowland river 
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In this study, we investigated the temporal evolution of the benthic macroinvertebrate community in an Italian regulated lowland river to clarify the ecological effects of summer low flows. Biomonitoring was carried out for three consecutive years, in a river site immediately below a large off-stream diversion, where minimum flows are released as an environmental protection measure. The three study years were characterized by different streamflow patterns, thus allowing us to compare the temporal trajectories of the community under different flow conditions. Moreover, the interruption of the low-flow periods due to overflow spilled by the upstream dam gave us the opportunity to assess the effects of experimental flow peaks. The analysis of standard macroinvertebrate community metrics showed that larger values of minimum flows favored the taxa belonging to the most sensitive insect orders (Ephemeroptera, Plecoptera and Trichoptera). Moreover, flow peaks interrupting prolonged low-flow periods acted as intermediate disturbance, enhancing community richness and diversity while decreasing density. These results can support the upgrading of current environmental-flow schemes.
1 INTRODUCTION  
“How much water does a regulated river need?” is a key question in ecohydraulics, and the issue is still under debate. Comprehensive answers to the previous question are becoming even more urgent in recent years, due to the magnifying effects of the climate change. In fact, modification of temperatures, precipitations, and flow regimes induced by the climate change can affect both water availability and freshwater demand for human activities, amplifying the pressure of off-stream diversion on the freshwater environment [1].
The implementation of protective measures capable to mitigate hydrological alterations is underdeveloped in many regions of the world, frequently limited to the release of minimum flows (MFs), barely sufficient to maintain aquatic species downstream of water diversions during crucial low-flow periods [2,3]. River protection requires instead the restoration of a range of flows strictly related to ecological outcomes [4]. For instance, the preservation of seasonal streamflow variation, in addition to MF release, allows maintaining benthic macroinvertebrate communities at conditions similar to the natural ones [5]. 
In a recent study [6], we investigated the upstream section of an Italian lowland river (Ticino River) affected by substantial off-stream diversion, highlighting a significant increase in the duration of the low-flow periods and a concurrent reduction of summer flows over the last decades. Exacerbated low flows in terms of duration, frequency, or magnitude, can induce several detrimental effects on riverine communities, being major determinants of benthic macroinvertebrate assemblages. Thus, in this study, we investigated the temporal evolution of the benthic macroinvertebrate community of the Ticino River to clarify the ecological effects of summer low flows. As a preliminary data analysis, we explored the associations between the streamflow pattern recorded during three consecutive summer periods and the structure of the benthic macroinvertebrate community collected at fixed times. We hypothesized that the increased duration and reduced magnitude of low flows determine a poorer and less diverse assemblage dominated by taxa characterized by traits that make them able to survive to such extreme conditions.

2 METHODS
2.1 Study area
Ticino River is the main tributary of the Po River (northern Italy) in terms of flow rate. It flows from the Swiss Alps to Lake Maggiore (i.e., the second largest Italian lake) for ~90 km and then from the lake to the Po River for ~110 km. Since 1943, the lake outflow is regulated by the Miorina Dam (Figure 1) to optimize the water use in the downstream section of the river. Water releases through the dam depend on the water level of the lake, according to limits established by law. Discharge is controlled through movable gates that are fully opened during floods. About 7 km downstream, the largest off-stream diversion takes place at the Panperduto Dam (Figure 1), which has been active since 1884, and currently allows for a maximum off-stream diversion to the eastern side of Ticino River of approximately 60% of the river mean annual discharge (i.e., 170 m3/s), for irrigated agriculture and run-of-the-river hydropower. 
Mandatory monthly-modulated MFs are currently released below the Panperduto Dam. However, streamflow generally exceeds MFs during the periods of high water availability, i.e., mainly in spring, due to snowmelt, and in autumn, due to rainfall. Conversely, two periods of low flows usually occur in winter and in summer. 
We selected a sampling site located immediately below the Panperduto Dam (Figure 1), where MF varies from 4% to 11% of the mean annual natural flow: 24 m³/s from January to May, 17 m³/s from June to August, and 31 m³/s from September to December. Here, river morphology is predominantly natural, with alternation of riffles, runs, and pools, and the substrate is mainly composed of cobbles (6–40 cm diameter).
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Figure 1. Map of the study area in northern Italy (left), and pattern of mean daily streamflow downstream from the Panperduto Dam in summer 2019, 2020 and 2021 (right). Sampling dates are indicated by purple circles (2019), green squares (2020) and blue triangles (2021).
2.2 Benthic macroinvertebrate sampling and analysis
Benthic macroinvertebrate sampling was carried out on two to six occasions per year (adopting a time span of approximately two weeks between two consecutive sampling dates), according to the length of the summer low-flow period, from 2019 to 2021 (Figure 1). Benthic macroinvertebrates were collected with a Surber sampler of 0.05 m2 area and 500 µm mesh, following a quantitative multi-habitat protocol [6]. The samples were preserved in alcohol and analyzed in the laboratory. Individuals belonging to Plecoptera, Ephemeroptera, Turbellaria, and Hirudinea were identified to the genus level and the others to the family level. The structure of the benthic macroinvertebrate community was described through standard metrics, i.e., total density, taxa richness, and Shannon-Wiener diversity. We also considered the richness of taxa belonging to the insect orders Ephemeroptera, Plecoptera, and Trichoptera (EPT), the relative abundance of EPT taxa and of Chironomidae.
On each sampling date, water temperature, dissolved oxygen concentration and saturation, pH, and electrical conductivity were measured in situ using the YSI Professional Plus portable multiparameter probe (YSI, Yellow Springs, USA). Mean daily streamflow downstream of the Panperduto Dam was kindly provided by the water users association (Ticino Consortium) managing the mentioned hydraulic structures.  
3 RESULTS & DISCUSSIOn
The three study years were characterized by different streamflow pattern, thus allowing us to compare the temporal trajectories of the benthic community under different flow conditions (Figure 1). In 2019, the summer low-flow period started on July 10 and ended on October 18, having a total duration of 100 days; the flow was constant at 31 m3/s except for two consecutive days (July 27 and 28) when a flow increase up to 70 m³/s (i.e., a value approximately double than the MF) was recorded. In July and August, flow values were higher than the MF established for these months due to a larger water availability. In 2020, the summer low-flow period started ten days before than in 2019 (on June 30), and also ended two weeks before (on October 3), lasting 95 days. Low flow corresponded to the MF during the whole period, i.e., 17 m3/s until the end of August and 31 m3/s later, except for five consecutive days (from August 31 to September 4), when a flow increase up to 217 m3/s (170 m3/s on average, i.e., a value approximately 10 times larger than the MF) occurred. Both in 2019 and in 2020, the interruption of the prolonged low-flow periods due overflow spilled by the upstream dam gave us the opportunity to assess the effects of experimental flow peaks. Summer 2021 was characterized by the absence of a prolonged low-flow period: MF values were recorded only six days at the beginning of July (from 3 to 8) and 38 days from August 28 to October 4, also interrupted by three consecutive days of higher flows (September 20-22). The values of water physico-chemical parameters measured on each sampling occasion were in ranges suitable for most aquatic organisms inhabiting lowland rivers in the study area [e.g., 7]: temperature 20-28 °C, pH 8.12-9.28, electrical conductivity 137-250 µS/cm, dissolved oxygen concentration 7-10.5 mg/L and saturation 86-122%.  
 Results on temporal trajectories of benthos metrics are shown in Figure 2. Both total density and richness of benthic macroinvertebrates were higher in 2020 than in 2019. In both years, maximum values of richness were recorded after the flow increase, which interrupted the low-flow period. Density, instead, decreased after both these events. In 2021, the only two measured density values were similar to 2019, while richness was similar to 2020 at the beginning and to 2019 at the end of the monitored period. Differences in density and richness between years were probably connected to differences in flow magnitude during the summer period, but also to the flow pattern occurred before. In fact, if the 90 days period before the first benthos sampling is considered [5,6], a relevant difference in average flow was detected among the three investigated years (155, 135 and 59 m3/s in 2019, 2020 and 2021 respectively), though the coefficient of flow variation was similar (1.18, 1.31 and 1.24 in 2019, 2020 and 2021 respectively). EPT richness had the same pattern of total richness, while the relative abundance of EPT showed a decreasing trend during the low-flow period. In 2019, this latter metric decreased after the flow increase and then returned to previous values on the last two sampling occasions. The higher % EPT recorded in 2019 and 2021 than in 2020 could be attributable to the higher flows as highlighted by other authors [8]. Moreover, a decrease of % EPT can occur in response to water diversion as an effect of the increase of less-sensitive non-EPT taxa. The relative abundance of Chironomidae showed indeed an opposite trend. It is known that many species belonging to this family can reach higher density in stable low-flow environments [3]. This result was confirmed by their absence in 2021, i.e., the year characterized by high flows during almost all the summer period. A peak of % Chironomidae was recorded in 2019, but environmental data explaining this increase were not detected. In our previous work [6], we found that the relatively high nitrate nitrogen concentrations detected in the summer period in the study area decreased the relative abundance of EPT, favouring at the same time Chironomidae, i.e., a family including species characterized by relatively high tolerance to pollution [3]. The Shannon-Wiener diversity index showed similar values among the three years. Both in 2019 and in 2020 the maximum value was detected after the flow increase as recorded for richness. Therefore, these events acted as intermediate disturbances reducing total density, limiting the dominance of taxa, and thus rebalancing the community. This agrees with evidence from previous studies [6, 9-10], highlighting the significant control exerted by high flows on benthic assemblages of regulated rivers.
Overall, the MFs currently adopted to mitigate the hydrological alteration of the Ticino River proved to be sufficient to maintain benthic macroinvertebrate community in the study reach. However, our results highlighted an association between higher flows and higher relative abundance of the most sensitive taxa (i.e., EPT taxa), as well as the importance of flow increases interrupting prolonged periods of low flows which allow to achieve higher richness and diversity. In our opinion, these results can support the development of sound ecological criteria and the related upgrading of the current environmental-flow schemes still based on the MF concept alone.
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Figure 2. Metrics describing the structure of benthic macroinvertebrate communities in summer 2019, 2020 and 2021. Larger purple circle and green square indicate the first sample collected after a flow increase (compared to the MF) occurred in summer 2019 and 2020 respectively. 
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