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Abstract

:

All cities face complex challenges managing urban stormwater while also protecting urban water bodies. Green stormwater infrastructure and process-based restoration offer alternative strategies that prioritize watershed connectivity. We report on a new urban floodplain restoration technique being tested in the City of Seattle, USA: an engineered hyporheic zone. The hyporheic zone has long been an overlooked component in floodplain restoration. Yet this subsurface area offers enormous potential for stormwater amelioration and is a critical component of healthy streams. From 2014 to 2017, we measured hyporheic temperature, nutrients, and microbial and invertebrate communities at three paired stream reaches with and without hyporheic restoration. At two of the three pairs, water temperature was significantly lower at the restored reach, while dissolved organic carbon and microbial metabolism were higher. Hyporheic invertebrate density and taxa richness were significantly higher across all three restored reaches. These are some of the first quantified responses of hyporheic biological communities to restoration. Our results complement earlier reports of enhanced hydrologic and chemical functioning of the engineered hyporheic zone. Together, this research demonstrates that incorporation of hyporheic design elements in floodplain restoration can enhance temperature moderation, habitat diversity, contaminant filtration, and the biological health of urban streams.
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1. Introduction


Urban stormwater damages aquatic habitats and the life that they support [1,2]. As native soils and vegetation are replaced by impervious surfaces, tributaries placed into pipes, and floodplains filled in, natural water storage capacity disappears from the built environment [3,4]. Stormwater that runs off this urban landscape short circuits the natural hydrologic regime and delivers toxic contaminants to streams and other receiving bodies [5,6]. The result is poor water quality, lack of physical habitat complexity, and loss of native species—a condition coined the “urban stream syndrome” [7].



The rise of green stormwater infrastructure (GSI) in cities worldwide is an opportunity to improve outcomes for urban streams [8,9]. GSI can take many forms, but the underlying principle is the same: utilize natural processes to capture, filter, and reduce stormwater runoff on site [10,11]. In the natural drainage network, these processes happen in floodplains. These seasonally inundated transitional habitats facilitate exchange of water, sediment, wood, nutrients, and organisms among many other critical ecosystem services [12,13]. Reconnecting urban streams to their floodplains can increase stormwater storage capacity while also restoring ecosystem function [14,15,16].



Floodplain reconnection is thus both a GSI technique and a form of process-based stream restoration [17,18]. Both approaches focus on similar themes of watershed connectivity, and on supporting the natural processes that create and sustain healthy streams and rivers. This connectivity can occur in multiple directions [12,19]: longitudinally from the headwater to the mouth, laterally as the channel migrates within its floodplain, and vertically as surface and groundwater mix in the layer of saturated sediment beneath and adjacent to the stream channel known as the hyporheic zone (HZ) [20].



This subsurface ecotone is critical in flood dampening and groundwater recharge, water temperature regulation, and biogeochemical cycling of nutrients, organic matter, and contaminants [21,22,23,24]. The HZ is also thought to serve as refugia for microorganisms, invertebrates and larval fish during extreme flows and other disturbance events [25,26] While the importance of the HZ to stream ecosystem function has been recognized for some time [21,27,28], scientists have more recently called for the inclusion of hyporheic processes in restoration planning [29,30,31,32,33].



In 2014, the City of Seattle (Washington State, USA) constructed two floodplain reconnection projects with a novel component: an engineered HZ [34]. These pilot projects were undertaken both to reduce flooding and to improve conditions for imperiled salmon populations (Oncorhynchus spp.). The aim was to restore physical processes that sustain stream function by maximizing onsite water, sediment, and wood storage with expanded floodplain and hyporheic capacity; slow erosive peak flows; modulate stream temperature; filter stormwater contaminants; increase instream hydraulic diversity; and ultimately improve stream biological condition.



The hyporheic component of these reconnection projects was guided by a streambed engineering approach designed to increase vertical connectivity, hyporheic residence time and exchange by restoring channel complexity and sediment permeability [34]. Channel width and sinuosity were increased by connecting to an over-excavated inset floodplain; bank armoring and other artificial channel fill were replaced with a deep and wide alluvial gravel corridor; and plunge pools, large wood and impermeable liners were strategically placed to promote hyporheic flow paths. Further background on project design can be found in Bakke et al. [35].



While evidence is building that GSI approaches can locally decrease the quantity and improve the quality of stormwater runoff, benefits to urban streams remain largely untested [1,9]. In order to test performance of these pilot projects, the City of Seattle engaged science partners to evaluate hydrologic [35] and chemical [36] response. We now add to this body of research by reporting on biological outcomes. Thus far, the small body of literature on hyporheic restoration has largely focused on physiochemical effects, such as flow dynamics and chemical transformations [32,37,38]. We are not aware of any research on the response of hyporheic biota to restoration.



Biological processes within the HZ such as organic matter decomposition, nutrient cycling, and contaminant detoxification are largely carried out by invertebrates and microbes [21,22,39,40]. These processes in turn affect availability of particulate and dissolved organic carbon, concentrations of nutrients and contaminants, algal production, and prey availability for fish [41,42,43]. Thus, our monitoring focused primarily on densities and composition of hyporheic invertebrates and microbes, heterotrophic production, and collection of complementary nutrient datasets.



We hypothesized that following restoration, an expansion in the total volume, complexity, and connectivity of hyporheic habitat would result in (1) water temperature modulation, increased (2) hyporheic dissolved oxygen concentration, (3) particulate organic matter and dissolved organic carbon concentrations, (4) heterotrophic production, (5) shifts in microbial taxonomic composition, and (6) increased hyporheic invertebrate density and richness.




2. Materials and Methods


2.1. Study Region


This study took place in the 28.8 km2 Thornton Creek watershed, located between the borders of Seattle and Shoreline in Washington State, USA (Figure 1). Thornton Creek flows approximately 24 km in a southeasterly direction through three major sections—the North Branch (hereafter referred to as North Fork), the South Branch (hereafter referred to as South Fork), and the mainstem—before emptying into north Lake Washington at Matthews Beach. Elevation ranges from 2.5 m at the mouth to 250 m in the headwaters. Mean annual precipitation is 89 cm, received primarily as rain between October and May.



The Thornton Creek watershed is the largest and most urbanized watershed within the City of Seattle. Single-family residences comprise 49% of development within the watershed, with the remaining land use primarily in roads and commercial developments [44]. Over half (61%) of the watershed is covered by impervious surfaces, and the loss of native forest cover across the watershed has severely altered the quantity, timing, and quality of stormwater [45]. This highly modified flow regime further degrades instream physical habitat and water quality [46]. A functioning HZ is largely absent from the majority of Thornton Creek, where only a thin layer of gravel and sand remain atop the compacted streambed [35,47].



The biological health of Thornton Creek is poor. The rate of coho salmon (O. kisutch) pre-spawn mortality is among the highest for the region—an average 80% of adult salmon entering Thornton Creek die with near-total retention of eggs or milt [48]. Resident fish populations lack adequate refuge and spawning habitat [44]. Scores for the Benthic Index of Biological Integrity (B-IBI), a multimetric index based on benthic invertebrates, consistently rate the biological health of Thornton Creek as “poor” to “very poor” [49,50].




2.2. Experimental Design


Our study design compares restored and unrestored stream reaches over multiple years. The focus is two restoration projects on Thornton Creek constructed with an engineered HZ: Kingfisher and Confluence (Figure 1). Kingfisher is located on the south fork of the creek, covers approximately 0.6 hectares, and drains 6.6 km2. The Confluence project is approximately one hectare in size, drains an area of 9.8 km2, and encompasses the north fork, south fork, and mainstem of Thornton creek. We treat Confluence as two separate sites: North Fork and South Fork. For monitoring purposes, we paired each of these three restored reaches (50–75 m in length) with an unrestored reach located between 50 and 350 m upstream (Figure 1).



We began collecting data at all reaches immediately following project completion, which occurred in November of 2014. To maintain seasonal consistency, we sampled yearly thereafter every November until 2017. On each sample event, we collected one surface water and five hyporheic samples from piezometer arrays installed at each reach. Piezometers were constructed of stainless steel, 4 cm in diameter, and had 1.25 cm perforations. We installed piezometers evenly across the length of each reach near pool tail-outs, and buried perforations 15–25 cm below the stream bed to sample the upper layer of the HZ. Piezometers were sealed with bentonite to minimize surface water intrusion.



We used a standpipe and a manual diaphragm pump to extract eight liters of interstitial water for analyses on each sample event. To avoid drawing water down from the surface, extraction speed was dictated by piezometer recharge rate and ranged from 0.25 to 2.50 min L−1. Two-liter surface water samples were also collected from a well-mixed area at the mid-point of each reach. All hyporheic and surface samples were processed independently (i.e., no pooling) and analyzed as described below.




2.3. Sample Parameters


2.3.1. Environmental Covariates


We recorded in situ water quality measurements during each sample event, and measured hydraulic head at each piezometer. Water quality measurements were taken using a hand-held YSI multiparameter instrument with polarographic sensors to record temperature (°C), dissolved oxygen (DO, mg L−1), and conductivity (µS cm−1) in hyporheic waters at the bottom of each piezometer and adjacent surface waters. We measured hydraulic head using a stilling well, clear PVC standpipe, and meter stick.



We conducted laboratory analyses of nutrient and carbon concentrations from hyporheic and surface water samples. All samples were kept on ice in the field and either processed or frozen within two hours of collection. Nutrients (phosphate, silicate, nitrate, nitrite, and ammonium; µM), total nitrogen (µM), total phosphorus (µM), and dissolved organic carbon (DOC; mg L−1) were measured at the University of Washington Department of Oceanography, following methods listed on the website of the Marine Chemistry Laboratory [51,52]. Particulate organic matter (POM; mg L−1) concentration was measured gravimetrically as ash-free dry mass and processed at the Northwest Fisheries Science Center following the methods of Hambrook-Berkman and Canova [53].




2.3.2. Microbes


We conducted analyses on all piezometer and surface water samples for microbial abundance, production, and community structure. Unfiltered samples were used for heterotrophic microbial production and for cell enumeration by flow cytometry. Samples were aliquoted, and production was measured by uptake of 3H-leucine at in situ temperatures recorded for the respective piezometer by the method of Longnecker et al. [54]. Reported production is µg of carbon incorporated per liter of water per hour (µg C L−1 hr−1). Bacterial and archaeal abundance was measured by nucleic acid-stained flow cytometry following the methods of Sherr et al. [55]. Nucleic acid was stained with SybrGreen and analyzed on a FACSCaliber 4-color cytometer. Based on intensity of staining per cell, individual cells were classified as high nucleic acid (high NA) or low nucleic acid (low NA). Reported abundance is the number of cells per ml of water.



We used DNA sequencing to describe microbial community structure based on archaeal and bacterial taxonomy. Water samples were sequentially filtered through 5 µm and 0.2 µm pore size polycarbonate filters to allow separation of particle-associated microbes (≥5 µm) from planktonic microbes (0.2–5 µm). We extracted DNA for taxonomic analyses using the methods of Green and Sambrook [56], prepared 16S ribosomal RNA amplicon libraries with dual indices using Nextera XT primers used in the manufacturer’s protocol, and analyzed using Illumina MiSeq reagent kit v3 (600 cycles) on a MiSeq sequencer [57]. Sequence reads were trimmed for quality using Trimmomatic and paired ends were assembled using PANDAseq. Additional sequence filtering removed sequences with lengths less than 400 base pairs (bp) and with homopolymers and ambiguous bases greater than 7 bp. These sequences with associated metadata are available in the Sequence Read Archive repository of the National Center for Biotechnology Information, under BioProject PRJNA692741.



As many archaea and bacteria have never been cultured, sequenced, or taxonomically classified—highly similar sequences were grouped together into an operational taxonomic unit (OTU). These OTUs were treated as the highest resolution taxon for community analyses. OTUs were identified using QIIME2 v.2019.4 [58] and bacterial taxonomy determined with database release 132 [59,60]. Based on a mock community of equimolar amounts of genomic DNA from fourteen known bacterial species, OTUs with a frequency <21 in any one sample were discarded as sequencing errors. Taxonomic identifications were made by comparison against the Silva SSU database (release 132; [61]). We calculated the following univariate metrics based on OTUs: Shannon diversity index (H’), species richness (d), and Pielou evenness (J) [62].




2.3.3. Invertebrates


All sampling and handling of invertebrates was carried out in accordance with a scientific collection permit issued by the Washington Department of Fish and Wildlife. We collected hyporheic invertebrates by filtering piezometer water samples through a 90-µm soil sieve. Invertebrates were transferred into sample bottles, fixed in a solution of 10% formalin for 7–14 days, and then transferred to 90% ethanol for long-term preservation. All samples were sent to a professional taxonomy lab for sorting, identification, and enumeration. Taxonomic resolution was to the species or genus level whenever possible. Immature and damaged specimens were left at a coarser taxonomic level. For each hyporheic invertebrate sample we calculated two univariate metrics: invertebrate density (number of individuals per liter of water) and taxa richness (number of unique taxa).



Benthic invertebrate sampling was conducted separately by project collaborators and followed a different sample timeline than described above for other study parameters. Sampling following standard B-IBI protocols for the Puget Sound region [50]. Based on 10 summed metrics, all reaches received a score that ranged from 0 (very poor) to 100 (excellent). All unrestored reaches were sampled in the late summer of 2014, but restored reaches were still under construction at that time. Both restored and unrestored reaches were sampled in 2015 and 2018, and the Kingfisher restored reach was also sampled in 2016. We compared these post-restoration B-IBI data to sampling that occurred prior to project construction from 2007 to 2013 [63,64].





2.4. Data Analyses


We focused our statistical testing at the scale of the individual site (i.e., Kingfisher, North Fork, South Fork), which all differed slightly in natural setting and project implementation. To avoid overgeneralizing restoration response across a small number of sites, we did not combine data from multiple sites in our analyses. We evaluated restoration effectiveness at each of the individual sites using a two-way fixed effects crossed design to test for differences by reach type (restored versus unrestored) and the interaction of reach type and year (2014–2017). We also tested for year effects, but this factor alone was not a focus of the study. Where main effects of reach type or year were significant, we applied post-hoc pairwise comparisons: Bonferroni (environmental and microbial data) or Tukey’s corrections (invertebrate data) for multiple tests.



We used analysis of variance (ANOVA) to test for differences in univariate data and permanova to test for multivariate differences in invertebrate and microbial community structure. We used Bray–Curtis distance to compare resemblance matrices of pairwise similarities between all sites. Invertebrate data were fourth root transformed, microbial data standardized and then log transformed, and environmental variables transformed as appropriate to conform to model assumptions. Univariate statistical analyses were performed using R stats package version 3.5.3 [65]) and Stata/SE v.12 (StataCorp, College Station, TX, USA). Multivariate responses were tested in the statistical software packages PRIMER (version 7.0.13, [62]) and PERMANOVA+ (version 1.0.3, [66]).



We used BEST (factoring by year) and the BIO-ENV option of DistLM in PRIMER to identify the best environmental predictors of multivariate biological structure. Normalized environmental variables were examined for collinearity (Spearman’s rank analysis), and collinear variables (ρs > 0.90) were reduced to one member (underlined): surface temperature/hyporheic temperature; surface conductivity/hyporheic conductivity; total bacteria/high NA bacteria/low NA bacteria. Microbial OTU and invertebrate taxa data were standardized and log-transformed. We used Akaike’s Information Criterion (AIC) to select the optimal linear model, and confirmed a significant correlation of the variable set in BEST based on a randomly permuted null distribution histogram.





3. Results


3.1. Environmental Covariates


We observed differences by restoration status at two sites for temperature, one site for conductivity, and no differences for DO (reach effect p < 0.05, Supplemental Table S1). Hydraulic head within sample piezometers was consistently neutral at unrestored reaches and more dynamic at restored reaches (Figure 2a). Both hyporheic and surface water temperature in restored reaches were significantly lower than in unrestored reaches at Kingfisher and North Fork. These temperature differences diminished over time (reach x year effect, p < 0.05) (Figure 2b). Hyporheic conductivity differed by reach type only at North Fork, and was lower in the restored reach in 2016. There was no effect of reach or interaction of reach and year on surface water conductivity. Temperature, DO, and conductivity all varied over time (year effect p < 0.05) (Table S1).



Hyporheic inorganic nutrients also exhibited yearly fluctuations, but only a few differences were associated with restoration and were not consistent across sites (Supplemental Table S2). Nitrate was higher in the restored reach of Kingfisher, nitrite was lower in restored reaches of South Fork and North Fork, and total phosphorus higher in North Fork only. In contrast, differences in organic nutrient concentrations were driven more by restoration status and less by year effects. DOC was significantly higher in restored reaches of Kingfisher and North Fork, and POM was higher in restored reaches of North Fork and South Fork. We observed limited interaction effects on either organic or inorganic nutrient concentrations.




3.2. Microbes


We observed significant reach differences for microbial heterotrophic production, but little effect of restoration on bacterial abundance or microbial diversity metrics (Table 1 and Supplemental Table S3). Heterotrophic production was consistently higher in restored reaches at Kingfisher and North Fork, but not South Fork (Figure 2c). Bacterial cell abundance and the ratio of high:low nucleic acid bacteria were greater in the restored reach at Kingfisher, and planktonic H’ and evenness lower at the South Fork restored reach. Production, abundance, nucleic acid ratio, and planktonic diversity metrics all varied significantly by year, but particle-associated diversity metrics did not. We observed little to no interaction effect on any of the above variables (Table S3).



There were significant differences in microbial community structure (based on OTUs) between unrestored and restored reaches and over the years (Figure 3a,b). At each site, community structure differed significantly between restored and unrestored reaches, except in the planktonic fraction from North Fork (Table 2). Year-to-year differences in the planktonic fraction occurred at each site, but at North Fork only in the particle-associated fraction (Table 2). When all sites were combined, hyporheic communities in each fraction followed a similar time trajectory for both unrestored and restored reaches (Figure 4a,b).



Although 98 different bacterial classes were identified in each of the two size fractions in hyporheic samples, over 75% of total microbial abundance were represented by eleven or fewer classes (Figure 5a,b). Alphaproteobacteria, Betaproteobacteria, and Bacteroidia were dominant in both size fractions; Gammaproteobacteria and Verrucomicrobiae in particle associated; and Actinobacteria and Parcubacteria in planktonic. The four most abundant particle-associated genera representing ~5% of the classified taxa at each site were Flavobacterium, Limnohabitans, Rhodoferax, and Novosphingobium (Supplemental Figure S1). In contrast, the most abundant planktonic bacterial genera varied by site. At Kingfisher, these were Limnohabitans, Polynucleobacter, and Flavobacterium. At South Fork, the top 5% included those genera plus Rickettsiella. In contrast, the most abundant bacterial genera at North Fork were hgcl clade and Limnohabitans.



In terms of taxonomic differences by reach type, Flavobacterium, Limnohabitans, Rhodoferax, and Pseudarcicella were more abundant at unrestored reaches for both size fractions (Supplemental Figures S1 and S2). Restored reaches were characterized by a higher abundance of four genera in the planktonic fraction (hgcl clade, MND1, Sulfuritalea, and Rickettsiella) and four genera in the particle-associated fraction (Novosphingobium, Bacillus, Lacihabitans, and Luteolibacter).




3.3. Invertebrates


We observed a total of 81 unique invertebrate taxa in piezometer samples collected across all reaches and years (Supplemental Table S4). Of these, 40 were unique to restored reaches, 13 unique to unrestored reaches, and 28 shared in common. Both restored and unrestored reaches were largely composed of crustaceans and annelids (Figure 5). Crustaceans made up 49–86% of total individuals at both restored and unrested reaches. Annelids contributed another 9–48% of individuals at restored reaches, and 4–21% at unrestored. Very few insects were present in either restored or unrestored reaches, with the majority from the Dipteran family Chironomidae.



Hyporheic invertebrate density and taxa richness were both significantly higher at restored than unrestored reaches across all three sites (Table 1) (Figure 2d,e). Mean invertebrate density in restored reaches averaged seven times higher than unrestored reaches, and taxa richness was double. There was also a significant interaction effect of reach and year on taxa richness at South Fork: differences between restored and unrestored reaches were greater in 2014 and 2017 relative to 2015 and 2016. The only significant year effect was at North Fork for both invertebrate density and taxa richness.



In terms of invertebrate multivariate response, both reach and year had a significant effect on taxonomic composition at every site (PERMANOVA, p < 0.05) (Table 2). We observed the least overlap between restored and unrestored reaches at North Fork, and the greatest at South Fork (Figure 3c1). Reach and year significantly interacted only at North Fork (Table 2): restored and unrestored reaches overlapped in 2014, but increasingly diverged over time. When all reaches were plotted together in multivariate space, restored reaches changed more from 2014 to 2015 than unrestored, but otherwise followed a similar time trajectory. There was little interaction between reach and year (Figure 4c).



Multivariate differences between restored and unrestored reaches was a product of higher densities and diversity of invertebrate taxa at restored reaches (Supplemental Figure S3). In particular, the annelid genera Cernosvitoviella and Pristina were more abundant in restored reaches, as were the cyclopoid copepod Acanthocyclops robustus, the harpacticoid copepod Attheyella illinoisensis, and the molluscs Pisidium and Potamopyrgus antipodarum (the highly invasive New Zealand mud snail). We observed eight unique cyclopoid species in restored reaches, but only two in unrestored. Similarly, there were 25 unique insect taxa in restored reaches compared to 17 in unrestored.



Benthic invertebrate data collected before and after restoration did not show improvements in B-IBI at any of the restored reaches (Figure 6). Prior to restoration, scores at paired unrestored and restored reaches were very similar to each other. After restoration, B-IBI increased slightly at unrestored but not at restored reaches. At Kingfisher, post-restoration B-IBI at restored reaches ranged from 0 to 9.9, while the unrestored reach increased to 12.3–19.1. At the North Fork, restored B-IBI remained near 7, while the unrestored reach steadily increased to 26.7 by 2018. At the South Fork, post-restoration B-IBI at the restored reach was 8 compared to 14.2 for the unrestored.




3.4. Relationship between Response Variables


Between six and eight environmental variables best predicted 26–45% of microbial community structure (Table 3). Hyporheic temperature and DO were common predictors across both reach types and size fractions. Differences in predictor variables between unrestored and restored reaches were greater for the particle-associated microbial fraction. Dissolved inorganic nutrients (ammonium, nitrite, phosphate) were the best predictors for unrestored reaches, and organics nutrients (DOC, POM) for restored reaches. More than half of significant predictors in the planktonic fraction were common between unrestored and restored reaches, but hyporheic silicate and bacterial abundance were stronger for unrestored reaches while DOC and hydraulic head were stronger for restored reaches.



Linear models for environmental variables prediction of invertebrate community structure had a lower fit than for microbial communities. Based on DistLM, the best fit environmental models explained only 15–18% of invertebrate community structure (Table 3). Only one predictor variable was selected for both unrestored and restored reaches: microbial production. For unrestored reaches, hyporheic DO, ammonium, nitrate and total nitrogen were significant variables. In contrast, hyporheic conductivity, hyporheic nitrite, and POM were significant predictors for invertebrate communities from restored reaches.





4. Discussion


We examined the effects of hyporheic restoration, time after restoration, and the interaction of the two on a suite of instream environmental and biological variables. The majority of biological variables we measured showed a response to restoration, as did water temperature and carbon concentrations. Given that our monitoring began immediately after project construction, we were surprised to observe little interaction effect of restoration and year. Both biological and environmental variables exhibited significant yearly variations consistent with climatic variability across our study period. A steady trend of increasing anomalously high air temperatures from 2014 to 2016 followed by a return to normal in 2017 was similar to the pattern we observed in water temperatures across all study sites [67] (Figure 2b).



Water temperature is a primary force structuring invertebrate and microbial communities [68], and strongly regulates ecological processes such as organic matter decomposition and nitrification [69]. The HZ often has a strong modulating effect on temperature in small streams [70,71]. We observed such an effect at two of our three study sites, with lower temperatures observed in restored reaches. These results are particularly noteworthy because newly planted restored reaches were largely unshaded in the three years following project construction. Given that our sampling occurred in the fall, further investigation is warranted to determine if this temperature difference increases in summer or potentially reverses in winter. Bakke et al. [35] also observed significant downstream cooling over the Kingfisher restored reach during summer baseflows, which they attributed to increased vertical water flux, subsurface flow, and hyporheic residence time.



We anticipated that increased rates of water exchange would increase hyporheic DO through aeration. However, we observed no differences in DO between restored and unrestored reaches. Increased oxygenation may have been offset by the higher level of heterotrophic production at restored reaches (Figure 2c), or by the high oxygen demand associated with microbial nitrification [72]. Another potential explanation is higher variability in hydraulic head at restored reaches (Figure 2a). Strongly upwelling areas likely contained less DO than the relatively neutral conditions observed in unrestored reaches [73]. Another importance factor to consider when interpreting project response are differences across the restoration projects themselves. Although all followed similar design principles, the full complement of hyporheic techniques was applied only at Kingfisher.



Increased hyporheic volume and residence time enhance filtration of nutrients and contaminants [41]. In the Kingfisher restored reach, Peter et al. [58] demonstrated that increased residence time significantly improved water quality: 69% of all tested organic compounds were eliminated altogether from water that spent over three hours in the HZ compared to 35% for 30 min. We observed limited restoration effect on most inorganic nutrient concentrations, but did detect differences in biologically derived nutrients. Much of the nutrient processing that occurs in the HZ is attributed to microbial metabolism, which requires DOC that comes from the breakdown of POM [74,75]. Increased channel complexity and hyporheic exchange promote the entrainment of POM into hyporheic sediments, and thus provide greater opportunity for DOC consumption via microbial metabolism [31,41,43].



Increased microbial metabolism and higher levels of DOC and POM in most of the restored reaches suggest active hyporheic nutrient processing in restored portions of Thornton Creek. Higher heterotrophic production is indicative of active metabolic processes such as nitrification/denitrification, organic material recycling, and potentially contaminant degradation [73]. The bacterial genus Novosphingobium, which was characteristic of restored reaches, is able to degrade polycyclic aromatic hydrocarbons, steroid hormones, and lignin [76,77]. In contrast, the very slow piezometer recharge rates at unrestored reaches indicates lower bioavailability of hyporheic substrates, and thus reduced opportunity for microbial metabolic activity [22,78].



Hyporheic bacterial and archaeal community structure was significantly different between restored and unrestored reaches, and differences were stronger in the particle-associated fraction (Figure 3a). One class of particle-associated bacteria that was more abundant in restored reaches was Planctomycetacia (Figure 5a). These bacteria are often involved in the initial steps of degrading large organic molecules under aerobic and anaerobic conditions in organic aggregates [79,80,81], consistent with their prominence in the particle-associated fraction. Their emergence as a dominant class in biofilters of recirculating aquaculture systems points to a significant role in organic matter degradation including anaerobic ammonium oxidation [82].



Hyporheic invertebrate density was significantly greater at all restored reaches, a finding we attribute to expanded hyporheic cross section and thus increased habitat availability. The general composition of invertebrates at both restored and unrestored reaches was typical of the HZ in that in consisting primarily of many small-bodied worms, crustaceans, mites, and some early larval stages of aquatic insects [21]. Although taxa richness was higher at all restored reaches relative to unrestored, the proportion of aquatic insects was much lower than observed at nearby forested streams (e.g., Cedar River Watershed; author’s unpublished data). The orders Ephemeroptera, Plecoptera, and Trichoptera comprised less than one percent of individuals across both restored and unrestored reaches (Figure 5c), reflective of the larger urban setting. All Thornton samples, regardless of restoration status or year, contained a high relative abundance of the disturbance-tolerant amphipod genus Crangonyx (Supplemental Figure S3).



The taxonomic shifts we observed in microbial and invertebrate hyporheic communities at restored reaches reflect local physiochemical habitat conditions in the constructed HZ [35,36]. Numerous studies have documented variability of hyporheic biota along environmental gradients that include vertical water flux, sediment characteristics, and wood density [83,84,85,86,87]. Hyporheic habitat heterogeneity at restored reaches improved with addition of large wood structures (many of which were partially or completely buried in the streambed), increased vertical water flux, and greater overall hydraulic diversity [35]. In three years of follow-up monitoring at the Kingfisher restored reach, the engineered HZ maintained a streambed of loose alluvial gravel, and did not become embedded with sand [35]. Changes in solute concentrations observed by Peter et al. [36] and the differences we observed in POM, DOC, and heterotrophic production also altered the chemical environment and food resources for hyporheic fauna.



The improvements we observed in density and taxa richness of hyporheic invertebrates between restored and unrestored reaches did not translate to the surface benthos. Across all years of the study, there was no measurable improvement in B-IBI at restored reaches (Figure 6). Invertebrates are sensitive to a variety of urban stressors, expressed at both large and small spatial scales [49]. This was reinforced by the relatively low amount of variability we were able to explain in hyporheic invertebrate composition with the suite of environmental data collected in this study (Table 3). While these floodplain reconnection projects had measurable local impacts, they cannot address all limiting factors operating across the entire urban watershed. In Thornton Creek, these include (but are not limited to) poor water quality, invasive species, lack of source populations for recolonization, and a highly modified hydrologic regime [44,88].




5. Conclusions


Floodplain reconnection is a green infrastructure approach that benefits both stormwater management and urban stream restoration. Engineered streambeds with a constructed HZ are an extension of this tool that further enhance connectivity through surface and subsurface exchange. [34]. This technique has already been shown to improve water quality, decrease stream summer water temperature, increase hyporheic residence time, and improve hydraulic habitat diversity at one project site on Thornton Creek [35,36]. We expanded upon these studies by examining project response across three sites, and found evidence of fall water temperature modulation; increased POM and DOC concentrations; higher heterotrophic production; shifts in microbial taxonomic composition; and increased hyporheic invertebrate density and richness. We did not detect changes in hyporheic DO. Nor were we able to predict a high degree of microbial or invertebrate community structure with the environmental variables measured in this study. Project monitoring results reflect complex feedback loops between chemical, physical, and biological processes operating within the HZ [73].



We are not aware of any published studies that have examined biological response within the HZ to restoration. In general, there is very little literature on biological processes of urban HZ’s, and even less in relation to stream restoration [41,75,89]. This information gap merits further inquiry. In particular, it will be important to examine how fish and other stream organisms respond to hyporheic restoration, examine response over different seasons and climatic conditions, and explore potential constraints on recolonization by invertebrates and other less-mobile organisms [90]. Based on what we and others have observed thus far, these pilot projects offer multiple benefits to cities: enhanced floodplain storage of water, wood, and sediment; contaminant removal; urban greenspaces; and improved stream health. Rebuilding watershed connectivity through GSI and process-based restoration is a blueprint that can be applied throughout the world to build more resilient cities and healthier streams. In the fall of 2018, Chinook salmon (O. tshawytscha) spawned in Thornton Creek for the first time in at least eight years, building their redd atop the new streambed and its restored HZ [35].
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Figure 1. Locations of restored and unrestored study reaches within the Kingfisher and Confluence (North Fork and South Fork) floodplain restoration projects on Thornton Creek, in the NE quadrant of the City of Seattle. Inset map shows location of Seattle within Washington State, USA. 
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Figure 2. Boxplots of univariate response metrics plotted by site, restoration status, and year for (a) hydraulic head (b), hyporheic temperature (c) microbial heterotrophic production (d) hyporheic invertebrate density, and (e) hyporheic invertebrate taxa richness. 
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Figure 3. Community composition of (a) particle-associated microbes, (b) planktonic microbes, and (c) invertebrates plotted using canonical correlation to maximize separation by 1. restoration status and 2. year; U = unrestored (outlined symbols), R = restored (filled symbols). For all plots, points closer together are more similar in composition. Axes are labeled with their respective canonical correlation values. Microbe taxonomy is based on standardized log transformed OTU abundances and invertebrate on fourth root-transformed numerical density. 
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Figure 4. Non-metric multidimensional scaling of reach centroids averaged across all sites for (a) particle-associated microbes, (b) planktonic microbes, and (c) invertebrates. Lines represent direction of change by year; circles are proportional to within-group multivariate dispersion (i.e., mean distance of individual samples to the centroid). Microbial composition is standardized log transformed OTU abundances and invertebrates fourth root-transformed numerical density. 
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Figure 5. Taxonomic composition across all sites plotted by year and restoration status as relative abundance of (a) particle-associated bacteria, (b) planktonic bacteria, and (c) invertebrates. For bacteria, only classes contributing to >75% cumulative relative abundance are shown. 
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Figure 6. Benthic-Index of Biology Integrity (B-IBI) scores at restored and unrestored reaches for each study site. B-IBI values of 0–19 = very poor, 20–39 = poor, 40–59 = fair, 60–79 = good, and 80–100 = excellent. Construction at restoration sites was completed in November of 2014; post-restoration data are highlighted in grey. B-IBI data were collected by King County on behalf of Seattle Public Utilities and is publicly available at www.pugetsoundstreambenthos.org (accessed on 10 February 2021). 
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Table 1. Microbial and invertebrate diversity and density ANOVA results by reach, year, and interaction of reach and year. Significant differences by reach are designated as “>” or “<”; “ns” indicates p > 0.05; U = unrestored reach, and R = restored reach; KF = Kingfisher, NF = North Fork, and SF = South Fork. Differences by year are indicated with superscripted letters, and increasing values are arranged from left to right. Years with shared letters are not significantly different (p > 0.05). “-” indicates there was no interaction effect of reach and year. Microbial metrics are based on OTUs in the planktonic fraction of hyporheic samples. Invertebrate density was log transformed and taxa richness square root transformed.
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Variable

	
Site

	
n

	
Reach

	
Year

	
2014

	
2015

	
2016

	
2017






	
Microbial

diversity (H’)

	
KF

	
40

	
ns

	
2014 a, 2015 a, 2016 b, 2017 c

	
-

	
-

	
-

	
-




	
NF

	
39

	
ns

	
2015 a, 2014 ab, 2016 ab, 2017 c

	
-

	
-

	
-

	
-




	
SF

	
40

	
U > R

	
2015 a, 2014 ab, 2016 b, 2017 c

	
-

	
-

	
-

	
-




	
Microbial

richness

(d)

	
KF

	
40

	
ns

	
2014 a, 2015 a, 2017 b, 2016 c

	
-

	
-

	
-

	
-




	
NF

	
39

	
ns

	
2015 a, 2014 ab, 2016 b, 2017 b

	
-

	
-

	
-

	
-




	
SF

	
40

	
U > R

	
2015 a, 2014 b, 2017 c, 2016 c

	
ns

	
ns

	
U > R

	
ns




	
Microbial

evenness

(J)

	
KF

	
40

	
ns

	
2016 a, 2014 b, 2015 b, 2017 b

	
-

	
-

	
-

	
-




	
NF

	
39

	
ns

	
ns

	
-

	
-

	
-

	
-




	
SF

	
40

	
ns

	
2016 a, 2014 ab, 2015 b, 2017 c

	
-

	
-

	
-

	
-




	
Invertebrate density

(No L−1)

	
KF

	
40

	
R > U

	
ns

	
-

	
-

	
-

	
-




	
NF

	
40

	
R > U

	
2017 a, 2016 a, 2015 ab, 2014 b

	
-

	
-

	
-

	
-




	
SF

	
39

	
R > U

	
ns

	
-

	
-

	
-

	
-




	
Invertebrate

richness

(No. taxa)

	
KF

	
40

	
R > U

	
ns

	
-

	
-

	
-

	
-




	
NF

	
40

	
R > U

	
2017 a, 2016 ab, 2015 ab, 2014 b

	
-

	
-

	
-

	
-




	
SF

	
39

	
R > U

	
ns

	
R > U

	
ns

	
ns

	
R > U
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Table 2. Microbial and invertebrate PERMANOVA results for taxonomic distinctness, using partial sums of squares. Reported p-values are based on permutation of residuals under a reduced model, for main tests of reach, year, and the interaction of reach x year; KF = Kingfisher, NF = North Fork, and SF = South Fork. Where significant differences were detected in main effects, pairwise comparisons are shown by reach and year. Differences by year are indicated with superscripted letters; years with shared letters are not significantly different (p > 0.05); “ns” indicates p > 0.05, “-” indicates no result to report. Microbial community structure is based on OTU’s; invertebrate taxonomic resolution is at the species level for fourth root-transformed data.
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Community

	
Site

	
n

	
Reach

	
Year

	
Pairwise Year Contrasts

Contrasts

	
Reach Year

	
Pairwise Reach Contrasts




	

	

	

	

	

	

	
x Year

	
2014

	
2015

	
2016

	
2017






	
Microbes:

particle-

associated

	
KF

	
40

	
0.001

	
ns

	
-

	
0.001

	
0.004

	
ns

	
0.010

	
0.009




	
NF

	
39

	
0.040

	
0.001

	
2014 a, 2015 b, 2016 c, 2017 d

	
0.001

	
0.009

	
0.006

	
ns

	
ns




	
SF

	
37

	
0.001

	
ns

	
-

	
0.006

	
0.017

	
0.024

	
0.027

	
ns




	
Microbes:

planktonic

	
KF

	
39

	
0.002

	
0.017

	
2014 a, 2015 b, 2016 c, 2017 d

	
0.013

	
0.009

	
ns

	
ns

	
0.005




	
NF

	
38

	
ns

	
0.013

	
2014 a, 2015 b, 2016 c, 2017 d

	
ns

	
-

	
-

	
-

	
-




	
SF

	
39

	
0.028

	
0.001

	
2014 a, 2015 b, 2016 c, 2017 d

	
0.001

	
0.018

	
ns

	
0.009

	
ns




	
Invertebrates

	
KF

	
40

	
0.001

	
0.001

	
2014 a, 2015 b, 2016 bc, 2017 c

	
ns

	
-

	
-

	
-

	
-




	
NF

	
40

	
0.002

	
0.001

	
2014 a, 2015 b, 2016 b, 2017 c

	
0.022

	
ns

	
ns

	
0.009

	
0.023




	
SF

	
39

	
0.007

	
0.012

	
2014 a, 2015 b, 2016 ab, 2017 b

	
ns

	
-

	
-

	
-

	
-
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Table 3. Linkage of environmental variables to multivariate microbial and invertebrate assemblages by distance-based linear modeling and matrix correlations. Dark shading indicates significant environmental variables included in the optimum linear model based on AIC (delta AIC ≥ 0.5). Spearman’s rho value is based on matrix correlation using the environmental variables included in the model. ** indicates p < 0.01; * indicates p < 0.05. Results are reported by restoration status (U = unrestored, R = restored) for all sites combined. Unless otherwise indicated, environmental variables pertain to the HZ.
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Particle Microbes

	
Planktonic Microbes

	
Inverte-

Brates




	
Variables

	
U

	
R

	
U

	
R

	
U

	
R






	
Hydraulic head

	

	

	

	

	

	




	
Temperature

	

	

	

	

	

	




	
Conductivity

	

	

	

	

	

	




	
Dissolved oxygen

	

	

	

	

	

	




	
Dissolved oxygen (surface)

	

	

	

	

	

	




	
Ammonium

	

	

	

	

	

	




	
Nitrate

	

	

	

	

	

	




	
Nitrite

	

	

	

	

	

	




	
Total nitrogen

	

	

	

	

	

	




	
Silicate

	

	

	

	

	

	




	
Phosphate

	

	

	

	

	

	




	
Dissolved organic carbon

	

	

	

	

	

	




	
Particulate organic matter

	

	

	

	

	

	




	
Microbial production

	

	

	

	

	

	




	
Bacterial abundance

	

	

	

	

	

	




	
Model R2

	
0.26

	
0.38

	
0.42

	
0.45

	
0.15

	
0.18




	
Spearman’s rho

	
0.55 **

	
0.43 **

	
0.41 **

	
0.48 **

	
0.36 *

	
0.22 *
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