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Abstract
Over the last decade, rapid vegetation colonization and changes in channel morphology have been observed in the Naeseongcheon Stream in South Korea, which were linked to short-term hydrological fluctuations under a changing monsoon climate. The surface area covered by vegetation has been increasing; this increase intensified after the 2014–2015 drought, which provided a window of opportunity for vegetation establishment. During the drought, pioneer herbaceous vegetation densely colonized the lower floodplains, including bare sandbars and temporarily exposed riverbed. Although the colonized lower floodplain and river banks were partially rejuvenated by several subsequent floods, succession to woody vegetation continued, resulting in stable vegetation cover in areas that had previously been bare. Moreover, sediment carried by flood water was deposited on and around the vegetated areas, and the low-water channel was incised, causing vertical development of river topography. In addition, the main channel width decreased in previously relatively wide sites, and secondary channels formed. The results of this study show that river rejuvenation by floods may decrease owing to systemic changes in the river system. Therefore, we concluded that the Naeseongcheon watershed was primed by human-induced changes, which made the river system more susceptible to changes in rainfall and discharge due to climate change. Furthermore, after the initial vegetation colonization, changes in nutrients and temperature created a positive feedback loop, which reinforced vegetation establishment.
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1. Introduction
[bookmark: _Hlk94881160][bookmark: _Hlk94881181]River processes and patterns are influenced by watershed changes, which are driven by human and natural causes. Of these changes, a main phenomenon reported in the mid-latitude monsoon regions is a shift from an unvegetated, bar-dominated river (a white river) to one characterized by riparian vegetation (a green river) (Woo, 2010; Michioku et al., 2012). This change influences channel morphology and processes, increases flood risk, and affects ecological functions (Gurnell, 2014; Zanetti et al., 2016; Rood et al., 2019). Therefore, understanding the underlying hydro-biomorphological processes is key to managing the safety and ecological integrity of a river in a harmonized manner.
After Williams (1978) studied the narrowing of rivers due to vegetation colonization, vegetation has been considered a key element affecting channel-forming processes, along with water and sediment flows (Hughes, 1997; Corenblit et al., 2007; Osterkamp & Hupp, 2010; Gurnell, 2014). In rivers, the establishment and survival of aquatic and riparian vegetation result from multiple interactions that form a dynamic equilibrium and include artificial vegetation management (van Oorschot et al., 2016; Harezlak et al., 2020). Owing to hydrology, vegetation creates fluvial landforms by capturing sediment and stabilizing riverbanks. The vegetation and topography formed this way promotes the colonization and growth of other plant species, thereby causing further changes in channel morphology.
[bookmark: _Hlk94881215]An overarching driver of these changes is regional climate change, which influences local hydrology and ecology (Nijssen et al., 2001; Schneider et al., 2011). During the 20th century, the global surface temperature increased by 0.6 °C (Intergovernmental Panel on Climate Change, 2001), and the surface temperature in the Korean peninsula rose by 1.5 °C due to rapid urbanization (Kwon, 2005). Korea is in the East Asian region, and its rivers are monsoon-driven, with peak flows occurring during the growing season (April–October). The intensity and frequency of heavy precipitation in Korea increase during the summer (Jung et al., 2011). Thus, changes in the monsoon precipitation patterns can influence vegetation colonization and mortality (Kim & Kim, 2020). Temperature and precipitation variability, when combined, increase the complexity of flow-vegetation-morphology interactions in river channels.
In summary, along with the overarching driver of climate change, channel morphology is influenced by local human intervention, dam control, and the interactions of hydro-morphology and vegetation processes. Fig. 1 illustrates the flow-vegetation-morphology interactions, wherein the channel morphology reflects the equilibrium between physical and vegetation processes. Physical processes primarily contribute to expansion of the channel (widening); in contrast, vegetation contributes to channel narrowing and colonization of the lower floodplains. At a reach scale, both processes are impacted by human intervention; on larger scales, they are affected by watershed characteristics and climate change.
Based on this conceptual model, this study examined how biogeomorphological patterns are affected by a rapidly changing monsoon-driven river system. To answer this question, this study analyzed the Naeseongcheon Stream, a wide sand-bed stream in South Korea, which has a mid-latitude summer monsoon climate with large seasonal and annual hydrological variability. The river has changed from a white river to a green river due to intensive establishment of vegetation; moreover, engineering practices and human interventions are minimal along most of the study reach. We analyzed the controlling factors (both internal bio-physical processes and external drivers) facilitating rapid changes and the outlook for unaffected but similar monsoon-driven river systems. Previously, Lee and Kim (2018) conducted a multiple regression analysis on long-term data from this stream, which showed that vegetation increases were directly related to hydrological variations. However, in this study, we focused mainly on short-term changes, highlighting the flow-vegetation-morphology interactions.

2. Study area
[bookmark: _Hlk123827913]2.1 Naeseongcheon Stream and its environment
This study examined a 57-km reach of the Naeseongcheon Stream that flows through a mountainous area in southeastern South Korea. Its watershed covers an area of 1,814 km2. The study reach began downstream of the Youngju Dam and ended at the Nakdonggang River (Fig. 2). The channel slope is 0.09–0.17%. The width of the river ranges from 100 m upstream to 450 m in the mid- and downstream reaches. The floodplain is narrowly distributed along the downstream reach, whereas the upper reaches are confined to narrow valleys. The sinuosity of the entire study reach is approximately 1.4, reflecting a meandering valley. Some sections of the river have a high width-depth ratio and develop multiple mid-channel bars during low-flow periods. The median grain size is 0.92 to 1.63 mm, indicating coarse sand, which originates mostly from the weathered granite of the watershed (Lee & Kim, 2018).
For a detailed analysis of the flow-vegetation-morphology interaction, we chose four sites: Yonghyeol, Joje, Miho, and Hyeongho (Fig. 2). Their reach lengths are approximately 500 m each. Yonghyeol is located directly downstream of the dam, whereas the other sites are located downstream of the confluence of the Seocheon Stream.
The watershed has a humid, temperate climate. From a long-term perspective, annual and spring temperatures increased, which is consistent with the overall trend in Korea (NIMS, 2018) and reflects climate change. The four highest spring temperatures occurred during the study period between 2014 and 2017 (Fig. 3a). The annual precipitation is 1,239 mm, 66% of which is concentrated during the rainy season from June to September. Outside of this season, low-water periods continue for extended periods. Annual rainfall was also affected by climate change and shows the same trend as that throughout South Korea (NIMS, 2018). Annual precipitation was 1,134 mm in the 1980s and increased to 1,381 and 1,375 mm over the two subsequent decades. However, it decreased again to 1,241 mm in the 2010s, indicating that the recent decade was less humid (Fig. 3b). Reflecting this, peak floods since 2012 have been less than half of the average peak discharge, except in 2016, which showed a weaker summer flood than previously (Fig. 3c). Fig. 3d shows the daily flow-regulated discharge, which was defined by subtracting the water released from the inflow discharge of the dam reservoir; the effect of dam construction on the flow regulation was limited until the spring of 2016.
The Naeseongcheon Stream had good water quality before 1994. Afterwards, the total nitrogen (TN) value increased sharply and remained much higher than that before 1994 and the highest natural levels (Chambers et al., 2012). Phosphorus, which increased rapidly during 1999, gradually decreased thereafter and remained below its 1990s values (Fig. 3e).

2.2 Study period and effect of the dam
The study period was from 2013 to 2019, which significantly overlaps with that of the construction (2010–2016) and test operation (2016–2018) periods of the Youngju Dam. However, the effects of the dam on the hydro-biomorphological processes were rather limited during this period. First, there was virtually no flow regulation during the construction period, except for temporary regulation (Fig. 3d). Additionally, the dam construction ended in 2016. Regarding flood peak control, flow control began in July 2016, when the largest flood of the study period occurred. Nevertheless, the effects of flow regulation on the study reach were primarily limited for two reasons. One was the location of the study reach in relation to the dam. Except for the 5-km reach directly downstream from the dam, where the Yonghyeol site is located, most of the study reach was located downstream from the confluence with the Seocheon Stream, which is a major unregulated tributary and has a watershed area of 364 km2 (equivalent to 73% of the dam watershed area). Hence, the effects of flow regulation by the dam were dampened. The other reason was the dam operation. In July 2016, the dam released water through the lower spillway at up to 150 m3/s, and subsequent flow regulation was also limited. For these two reasons, in terms of daily discharge, flow regulation was less than 10% of the discharge at the Wolpo gauging station. 

3. Data and methods
Hydrological data was from the daily discharge from the Wolpo gauging station, which is located 30.6 km downstream from Youngju dam and 26 km from the river terminus (Fig. 2). It has a watershed area of 1,158.5 km2.
The main data used in this study were obtained from remote sensing images (Table 1). Georeferenced and digitalized aerial photographs were collected for the entire study area. Some images, including panchromatic and 2019 aerial photos, were manually geo-referenced using ortho-rectified digital images from 2011 via ArcGIS 10.1 (Esri) and GlobalMapper 22 (Blue Marble Geographics). Google Earth images were collected via screen capture. Drone (Phantom 4, DJI) photos were collected at Yonghyeol and Joje sites in 2017 and 2018. They were used after mosaicking and ortho-rectification using DroneDeploy software (https://www.dronedeploy.com/). Annual LiDAR digital elevation models, whose surveys were conducted during the winter from 2013 to 2019, were collected.
[bookmark: _GoBack]Ground photos were taken five to ten times a year from 2013 to 2019 at the same location at each of the four sites. With the field observation notes, they were used as evidence of various phenomena that occurred throughout the study period. Drone-perspective photos were also used for the same purpose.
Vegetation data include the results of quadrat surveys (0.5 × 0.5 m plot size) and a tree survey. The quadrat surveys were conducted 18 times between spring 2014 and autumn 2016 at three locations: Yonghyeol 1 and 2 and Hoiryong (see Fig. 2). A tree survey was performed from September to October 2019; diameter at breast height and height were measured for 76 willow trees at seven locations (Fig. 2).
To investigate the long- and short-term changes in the Naeseongcheon Stream, land surface-cover data from 1991 to 2016 from Lee and Kim (2018) were used. Their classifications were adjusted into seven land cover types: open water, bare bar, disturbed land, herbaceous vegetation, woody vegetation, cropland, and pasture. Note that in aerial images, very young woody vegetation (first and second year) is indistinguishable from herbaceous vegetation and was classified as such. The 2017 images for the entire reach and 2018 and 2019 images of the four sites were manually classified.
To extend the time series throughout the reach to 2018/2019, we used Sentinel 2 multi-band satellite images provided by the Google Earth Engine. Images were classified into the above listed categories using the random forest algorithm, which was trained and validated using the surface cover in 2016 as the ground truth. The accuracy for the validation dataset was 86% and similarity of the major types, such as open water, bare bar, and herbaceous vegetation, with those by expert classification was 75–89% for 2016 and 2017 classifications (Lee et al., 2021).
Cross-tabulation via GIS software was used to quantify the land cover changes between 2013 and 2017 for the entire reach and between 2013 and 2019 at the four sites.

4. Results
4.1 Long- and short-term changes in land surface cover
The surface cover of the Naeseongcheon Stream area mainly consisted of three types: open water, bare bars, and herbaceous vegetation. Since 1991, vegetation cover has continuously increased, except in 2008. The percentage of vegetation (herbaceous and woody) to total floodplain area increased from 10% in 1991 to more than 60%. at the expense of open water and bare bars. The vegetated area consisted mostly of herbaceous plants, whereas the tree cover was below 10% (Fig. 4).
Three distinct periods were discerned. Between 1991 and 1996, the vegetated area doubled from 8% to 17.8%. Between 1996 and 2011, the overall land cover remained stable, except for 2008, when large amounts of vegetation were cleared by humans, leaving disturbed patches that were recolonized over the next two years. A period of substantial vegetation expansion began in 2013 and continued until 2019, during which river rejuvenation occurred only once via a flood in 2016, after which the vegetation quickly recovered.
Fig. 5 maps vegetation establishment during three different years during the recent vegetation expansion. In 2015, the vegetation cover reached its maximum, leaving only a few small patches bare. In June 2019, woody vegetation encroached the shoreline, and the overall vegetation pattern was similar to that in 2015. Notably, young shoots of woody vegetation that might have been present in 2015 were classified as herbaceous vegetation, because only older woody vegetation was identified as woody on aerial images.
Additionally, the map sequence shows the width reduction and stabilization of low-flow channels by vegetation along the shoreline. In 2013, open water accounted for 39–76% of the area at the four sites. However, it was reduced to 19–42% in 2015, and the small bare mid-channel bars disappeared in the narrowed low-flow channel. Between 2015 and 2019, the low-flow channel remained but did not widen despite the floods in July 2016, 2018, and 2019. Moreover, the woody vegetation that colonized the shoreline possibly diverted the flows during the flood periods into the existing low-flow channel and secondary channels inside the floodplain, as shown from the longitudinally rejuvenated areas inside the floodplain (Fig. 5). This process was more evident in Yonghyeol and Joje but was less pronounced in Miho and Hyeongho.
Cross-tabulation of the four sites (Appendix), showed that 40% of the water and bare bar areas became vegetation. The vegetation cover was stable (no rejuvenation) both overall and at the patch level; only 0.5% reverted to open water or bare bar. Considering herbaceous and woody vegetation separately, the pioneer woody vegetation mostly originated from establishment on bare soils or emerged riverbed and not as growth from herbaceous vegetation. This is characteristic of willows, which normally germinate on bare soils. The area covered by woody vegetation was lower than that by herbaceous vegetation, but its increase over time was greater.

4.2 Vegetation types
Primarily herbaceous vegetation was found in the Naeseongcheon Stream, indicating the early stages of succession. The vegetation survey identified 51 species, including some invasive species. Among them, five endemic species (Table 2) were the most abundant species in 17 of the 18 surveys, covering 78% of the total area surveyed. Persicaria nodosa was the predominant species in eight surveys and was widespread along the Naeseongcheon Stream. It is an annual pioneer species that germinates in early April, grows in dense clusters, and reaches heights of up to 120 cm. The second most abundant plant was Phragmites japonica, which is a perennial species with dense cover and heights of up to 150 cm (Table 2). Additionally, an increasing trend in tree cover was found. At all four sites, the tree occupancy was less than 1% until the end of 2014. It remained low, yet distinguishable, through 2016 (1–4%). In 2017, its percentages increased sharply at three locations and reached maximums in 2019, excluding Yonghyeol, where willows settled narrowly along the shore (Fig. 5). From the results of the tree survey, the mean diameter at breast height was 4.7 cm with a mean height of 4.0 m, implying that the trees were approximately 4–5 years old and were recruited in approximately 2014 or 2015.

4.3 Hydrology-vegetation interaction
Regarding developments since 2013, temporal changes in vegetation cover in the Naeseongcheon Stream have corresponded to the hydrological fluctuations, such as droughts and floods. Fig. 6 shows the relationship between the changes in discharge and herbaceous and woody vegetation cover from 2013 to 2019 at the four sites. Ground photos of the Miho site are provided in the Appendix on the timeline, as indicated by arrows. Until 2016, all sites showed the same general pattern, specifically an increase in vegetation cover (to 25–40%) that was disturbed by a flood in 2014. In 2015, no flooding occurred, and the vegetation cover continued to increase for approximately 18 months; it reached its maximum before the July 2016 flood occurred. This flood was the largest during the study period and rejuvenated a significant proportion of the river area. The vegetation cover decreased by 25–36% at three of the sites but only by 9% at Hyeongho. After 2017, the vegetation resumed colonization at all sites; Joje rebounded to the percentage of cover that was present before the 2016 flood. After 2018, vegetation cover remained stable despite two (moderated and dam-regulated) floods in July and August, and mixed herbaceous and woody vegetation recolonized the rejuvenated bar areas.

[bookmark: _uv510044yubm]4.4 Development of channel morphology
The rapidly changing river conditions interacted with channel morphology through flow-vegetation-morphology chain effects. Geomorphic processes, including narrowing with bank formation, island building, and secondary channel formation, were identified by comparing the digital elevation models and cross-sections taken during the study period at the four sites (Fig. 7). 
Narrowing and incision of low-flow channels occurred at all four sites, with the development of sharp bank lines between the low-flow channels and the adjacent floodplains. Prior to vegetation encroachment, the river was characterized by flat and wide low-flow channels and unvegetated low-lying bars that varied in coverage among locations. During 2014–2015, higher density vegetation settled in the longitudinal direction along the shallow exposed riverbed (Figs. 5 and 7). After fixation by bordering vegetation, the shoreline position remained unchanged during subsequent floods. Consequently, in 2019, the low-flow channel became distinctly narrow, and the existing bar area became a floodplain.
The observations showed island building via the interaction between vegetation (settlement) and sediment trapping. Before 2014, dynamic sandbars were visible during low discharges (Appendix), which is characteristic of this type of river. During the vegetation colonization period, these exposed sandbars became prime sites for seed deposition and subsequent pioneer vegetation settlement; which increased roughness, thereby trapping sediment; hence, the bars grew vertically into islands. At Miho, vegetation extensively colonized the sandbars during 2014 and 2015 (Fig. 5). Sediment deposition occurred during the 2014 and 2016 floods afterwards, it developed into an attached island by 2019. The Joje and Hyeongho sites showed instream island formation, which, in the case of Hyeongho, seems to have stabilized due to the development woody vegetation. At Yonghyeol, island formation occurred due to the establishment of woody vegetation on the point-bar shoreline.
Secondary channels were formed in the inner areas of the existing bars. The process depended on the development of woody vegetation along the shoreline, which provided flow resistance that diverted the flood flow, thereby inducing secondary channel development. At the Joje site, a secondary channel formed as a longitudinal depression from the upstream end of the floodplain to the bridge and was covered with bare sand deposits, indicating bedload transport during flood flow (Fig. 5). At the Yonghyeol site, the secondary channel was substantial and comparable in size to the low-flow channel; it formed by penetrating the existing point-bar (Fig. 7).

5. Discussion
The results illustrate rapid vegetation colonization and establishment (during 2014–2015), resulting in a substantially altered river landscape. During the study period, the vegetated areas at the study sites increased by more than 3.5 times, from 17.2% (2013) to 61% (2019). In the early vegetation establishment phase, a small number of endemic pioneer species (P. nodosa, P. japonica, and Salix spp.) colonized areas that were previously shallow open water and bare bars; during later succession phases, tree cover reached 13.4%. Hence, the Naeseongcheon Stream changed from a white river to a green river covered with lush vegetation. Below, we discuss the interaction of changes in driver/pressure with the bio-geomorphology of the river
5.1 Changing vegetation and short-term biological, hydrological, and geomorphological processes
Fluctuations in vegetation cover coincided with hydrological variability, defined by the annual magnitude of flooding and date of the flood; therefore, hydrology primarily controlled vegetation survival (Lee & Kim, 2018; Woo et al., 2014). This was particularly evident during the early stages of vegetation establishment in 2014–2017. After 2016, floods were unable to fully rejuvenate the riverbed. Moreover, vegetation re-colonization and recovery occurred quickly, and succession to woody vegetation continued. Overall, vegetation establishment during the drought that lasted from the spring of 2014 to 2016 persistently changed the landscape of the Naeseongcheon Stream.
Two upstream watersheds supply water to the study reach: Seocheon Stream (384 km2) and upstream Naeseongcheon Stream (496 km2). In the latter case, a dam was built that became operational in 2016. The dam operations were geared to provide water to an adjoining city. Although floods were dampened slightly, they can mostly pass uninhibited, including the sediment, through a sediment flushing gate. In terms of low-flow water supply, this minimally influenced vegetation conditions because of a legal environmental flow requirement and unimpaired flow from the Seocheon stream. For floods, considering the flow control in the dam presented in Fig. 3d, the effects of dam construction on river morphology were considered negligible until spring 2016, when vegetation establishment and initial growth occurred. However, the flood in July 2016 removed some vegetation, despite suppression of the peak flow due to the initial flood water impoundment (approximately 10%).
Thus, the results show the interplay between vegetation, hydrology, and channel morphology and emphasize the importance of interacting biological, hydrological, and geomorphological processes in river dynamics, as was also discussed by Gurnell (2014) and van Oorschot et al. (2018). Typically, vegetated areas form along the shoreline and are elevated or maintained by sedimentation. In contrast, in low-flow channels, the riverbed incises due to increased focus of the flow through the main channel (Fig. 7; van Oorschot, 2018). As a result, the riverbank becomes more pronounced and the width of the low-flow channel decreases. Further from the main channel (i.e., ‘behind’ the vegetated area), various topographic developments also typically manifest. In places where the diverted flow was concentrated during floods, chute erosion occurs to form a secondary channel, vegetation is buried under sediments, or bare bars form.

5.2 Long term or overarching drivers
In addition to the short-term hydrological factors, other factors involved in the river system must be examined to determine the causes of the rapid and widespread vegetation that began in 2014–2015. Disregarding invasive species, the main probable factors, besides hydrology, that can promote the development of vegetation are water quality and temperature. Water quality affects a specific river system, whereas temperature is a more widespread factor encompassing several watersheds.
Regarding water quality, in the pattern and trend shown in Fig. 3e, the TN concentrations were relatively high (compare with Turner et al., 2003). The nutrient levels before and after vegetation change are similar, implying that nutrients were not limiting for plant growth in the Naeseongcheon Stream and did not cause a direct increase in vegetation cover. However, positive feedback occurred after vegetation was established. In a similar system to the Naeseongcheon Stream, Asaeda et al. (2013) examined correlations between abiotic factors and vegetation establishment and found that high TN was correlated to N in the sediment in vegetated areas. Flood pulses bring sediment to vegetated areas, and when fine sediments are trapped, they bring nutrients to the vegetated floodplains (Junk et al., 1989; Tockner et al., 2000). Elevated nutrient (TN) levels can establish a positive feedback loop with vegetation biomass, as nutrients that would be flushed out in an unvegetated river system are retained in vegetated areas, thereby improving growing conditions and increasing primary productivity. This leads to ecological succession and a new equilibrium between the disturbance and vegetation. In addition to the floodplain vegetation observed in this study, an increase in the instream vegetation can also be expected (Clarke, 2002).
Temperature is another factor that must be considered. In a study by Lee and Kim (2018), the results of multiple regression analysis on the change in the vegetated area of the Naeseongcheon Stream indicated that April–June temperature was the second most important factor after summer flood flows. Altered temperature patterns affect the growth period and vegetation encroachment (Räpple et al., 2017). In the Naeseongcheon Stream, the spring temperature was higher than the average during 2014–2017 (Fig. 3a). Therefore, although the direct effect on the rapid colonization remains unclear, we can infer that the higher temperatures promoted plant growth and increased the vegetated area.
Owing to the effects of temperature, climate change may be an overarching driver. Aside from its effect on hydrology by increasing the variability of precipitation and causing extreme floods and droughts, the rise in temperature due to global warming is notable, as winters are warmer and spring begins earlier (Schwartz et al., 2006). This holds true in South Korea (Choi, 2004; Kwon, 2005) where the climate has changed from temperate to subtropical.
Under climate change, increases in temperature and precipitation variability synergize, along with high nutrient levels in stream water, to promote vegetation colonization. In a bio-geomorphological context, this means that existing river systems in mid-latitude monsoon climates can evolve toward a system with higher vegetation dynamics, as seen in tropical areas (Fig. 8; Knighton, 1998). In that case, even if a major flood, such as the 2016 event, temporarily rejuvenates a river to a white river, it may be rapidly and vigorously recolonized by vegetation, as shown in this study.
Ultimately, we believe that the Naeseongcheon watershed was primed for transformation by human-induced changes, similar to those observed worldwide in rivers in populated areas. Moreover, changes in the nutrient status of the river, (environmentally managed) dams, local floodplain management, and long-term watershed-scale land-use change effects are difficult to disentangle. We conclude that these individual changes made the river system more susceptible to increased vegetation cover due to changes in hydrology and climate.

[bookmark: _vz4k23rzx7jy][bookmark: _2k8mp51tkxam]6. Conclusions
In this study, we observed rapid vegetation colonization and changes in channel morphology, which were directly caused by short-term hydrological fluctuations in a monsoon climate. In the long term, the vegetated areas in the Naeseongcheon Stream increased; this increase became more rapid during the drought that occurred in 2014–2015 and continued until the last year of the study. During the first 1–2 years of drought, pioneer herbaceous vegetation densely colonized bare bars and temporarily exposed riverbeds. Although the vegetated lower floodplain was partially rejuvenated by several subsequent floods, the stream transformed into a stable vegetated stream as the transition to woody vegetation continued. During this process, a river bank formed via sediment deposition along the shoreline areas that were colonized by vegetation and via incision of the low-water channel due to flow concentration into the main channel as its width decreased. Owing to the flow diversion by the dense vegetation, a secondary channel was formed instead.
The vegetation encroachment and channel changes in this study were triggered by short-term drought. However, we conclude that prior changes to the system, such as nutrient conditions, climate change, and the dam, primed the system for transformation and that changes in discharges triggered vegetation establishment. After the initial vegetation establishment, nutrient levels and long growth seasons promoted vegetation establishment.
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Tables
Table 1. Remote sensing data used for this study (NGII, KOFPI, and PC denote the National Geographic Information Institute of Korea, Korea Forestry Promotion Institute, and a private aerial survey company, respectively. RGB is red/green/blue; and px is pixel.)
	Data
	Range
	Period
	Scale or
ground resolution
	Source

	Analog panchromatic aerial photos
	Whole reach
	1991–2005
	1/20,000 or 1/15,000
	NGII, KOFPI, PC

	Digital RGB aerial photos
	Four sites
	2019
	~0.25 m/px
	NGII

	Digital RGB ortho-rectified aerial photos
	Whole reach
	2008–2018
	0.25 m/px
	PC

	Google Earth image screen capture
	Four sites
	2013–2019
	N/A
	Google Earth

	Sentinel 2 satellite images
	Whole reach
	2018–2019
	10 m/px
	Google Earth Engine

	Drone photos
	Yonghyeol, Joje
	2017, 2018
	0.2 or 0.05 m/px
	This study

	LiDAR DEM
	Whole reach
	2013–2019
	1 m/px
	This study




Table 2. Cover and density of predominant species found in the vegetation survey
	Species
	Life history
	Cover
	Density (ind./m2)

	Persicaria nodosa
	Annual herb
	34.5%
	132.3

	Phragmites japonica
	Perennial herb
	20.0%
	99.1

	Salix spp.
	Perennial tree
	9.9%
	61.1

	Digitaria ciliaris
	Annual herb
	8.1%
	68.5

	Setaria viridis
	Annual herb
	5.0%
	34.9

	Others (46 species)
	-
	22.5%
	3.2




Figure legends
Fig. 1 Simplified conceptualization of hydro-bio-geomorphological interactions influencing channel morphology including over-arching drivers. Solid lines indicate dominant bio-physical processes in the lower floodplains, while dashed lines indicate external conditions.
Fig. 2 Map of the study reach marked with hydrological and water quality data stations (inverted triangles), a dam (a trapezoid), major tributaries with the corresponding watershed areas (underlined text), the four sites (boxed text), and vegetation (filled squares) and tree survey (tree shapes) sites. Inset: map of South Korea and the Naeseongcheon watershed.
Fig. 3 Climate, hydrology and water quality of the Naeseongcheon Stream, 1990–2020. Annual and April-June temperature (a), annual precipitation (b), daily mean discharge at the Wolpo gauging station with mean annual peak discharge (horizontal line) (c), daily regulated discharge of the Youngju Dam with a different y-axis scale (d), and annual mean of total nitrogen (TN) and total phosphorus (TP) concentration at the Gyeongjin Bridge (e). Time scale (x-axis) is the same for all graphs. Shaded area indicates the study period. Lines in (a) indicate trends of the corresponding data. Source: Korea Meteorological Agency (2021), Lee and Kim (2018), and National Institute of Environment Research (2021).
Fig. 4 Change in proportion of land surface cover types. The dashed lines divide three distinct periods.
Fig. 5 Land surface cover map of the four sites. Yonghyeol (a), Joje (b), Miho (c), and Hyeongho (d).
Fig. 6 Daily discharge of the Wolpo gauging station and temporal change of vegetation cover at the four sites. Larger marks indicate measured values from aerial photos, while smaller ones indicate those from Google Earth images. Each dashed line indicates vegetation cover estimated based on the terrestrial photos and field investigation. Green areas indicate growing seasons, while arrows indicate the time of the photographs provided in the Appendix.
Fig. 7 Channel morphology in 2013 and 2020 at the four sites with cross-sections along the red lines at each site. Each site has the same elevation scale for the 2013 and 2020 figures. According to field observation, mean depth below water surface is 0.2–0.8 m with lateral variation.
Fig. 8 A simplified conceptual model of potential channel width response after a major flood in four different bioclimatic contexts (modified from Knighton, 1998). In semi-arid and temperate conditions major floods have a greater and longer-lasting effect on channel width when compared to a tropical river. The Naeseongcheon Stream now shows dynamics more akin to a tropical setting.

