

[image: How much city is too much city? Biodiversity and ecosystem functioning along an urban gradient at the interface of land and sea]
How much city is too much city? Biodiversity and ecosystem functioning along an urban gradient at the interface of land and sea





ORIGINAL RESEARCH

published: 16 September 2022

doi: 10.3389/fmars.2022.931319

[image: image2]


How much city is too much city? Biodiversity and ecosystem functioning along an urban gradient at the interface of land and sea


Jameal F. Samhouri 1*, Andrew Olaf Shelton 1, Gregory D. Williams 2, Blake E. Feist 1, Shannon M. Hennessey 3, Krista Bartz 1, Ryan P. Kelly 4, James L. O’Donnell 4, Mindi Sheer 1, Adrian C. Stier 5,6 and Phillip S. Levin 1,4,7,8


1 Conservation Biology Division, Northwest Fisheries Science Center, National Marine Fisheries Service, National Oceanic and Atmospheric Administration, Seattle, WA, United States, 2 Pacific States Marine Fisheries Commission, Seattle, WA, United States, 3 Frank Orth and Associates, Seattle, WA, United States, 4 School of Marine and Environmental Affairs, University of Washington, Seattle, WA, United States, 5 National Center for Ecological Analysis and Synthesis, Santa Barbara, CA, United States, 6 Department of Ecology, Evolution, and Marine Biology, University of California, Santa Barbara, Santa Barbara, CA, United States, 7 School of Environmental and Forest Sciences, University of Washington, Seattle, WA, United States, 8 The Nature Conservancy of Washington, Seattle, WA, United States




Edited by: 

Andrea Belgrano, Swedish University of Agricultural Sciences, Sweden

Reviewed by: 

Darcy McNicholl, Fisheries and Oceans Canada, Canada

Lucia Fanini, Hellenic Center for Marine Research, Greece

*Correspondence: 

Jameal F. Samhouri
 jameal.samhouri@noaa.gov

Specialty section: 
 This article was submitted to Marine Fisheries, Aquaculture and Living Resources, a section of the journal Frontiers in Marine Science


Received: 28 April 2022

Accepted: 18 August 2022

Published: 16 September 2022

Citation:
Samhouri JF, Shelton AO, Williams GD, Feist BE, Hennessey SM, Bartz K, Kelly RP, O’Donnell JL, Sheer M, Stier AC and Levin PS (2022) How much city is too much city? Biodiversity and ecosystem functioning along an urban gradient at the interface of land and sea. Front. Mar. Sci. 9:931319. doi: 10.3389/fmars.2022.931319



A huge proportion of the world’s population resides in urban areas along the coast. As cities expand, the ability of coastal ecosystems to provide the benefits people derive from nature, ranging from food from fisheries to coastal defense to maritime transportation and beyond, is in question. While it is well understood that coastal development changes ecosystems, quantitative insights about how terrestrial urbanization fundamentally alters ecosystem structure and function in adjacent freshwater and downstream coastal marine habitats remain rare, though a general expectation is that impacts of terrestrial urbanization will attenuate from land to freshwater to coastal marine habitats. Empirical assessments of these phenomena are especially important for species that rely on freshwater and coastal marine habitats at multiple points in their life cycles, including endangered and threatened Pacific salmon (Oncorhynchus spp.). We investigated associations between landscape-scale urbanization and ecosystem structure (biodiversity of epibenthic invertebrate taxa) and function (benthic net primary productivity and decomposition) in freshwater and coastal marine habitats across six pairs of more and less urbanized, coastal watersheds in Puget Sound, WA, USA, using principal components analysis, analysis of covariance, and Mantel tests. Greater upland urbanization was associated with greater reductions in freshwater biodiversity, measured as the density and evenness of epibenthic invertebrate families. In contrast and surprisingly, however, coastal marine biodiversity (measured as the density and evenness of epibenthic invertebrate families) tended to be higher at more urbanized sites, suggesting the potential role of low to moderate levels of urbanization-related disturbance in determining coastal marine biodiversity patterns. We found no statistical association between urbanization and freshwater and coastal marine ecosystem functions, estimated from changes in accumulated algal biomass on tiles (benthic net primary productivity) and loss of biomass from litter bags (decomposition). In addition, there was no evidence that changes in ecosystem structure and function with urbanization were more severe in freshwater than coastal marine habitats, as might be expected if the land-sea boundary diminished effects of landscape-scale urbanization. Our results suggest that the effects of urbanization can be complex and that attention to terrestrial, freshwater, and coastal marine systems in concert will produce more effective, ecosystem-based management.
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1 Introduction

Despite comprising ~2% of the global land surface, urban areas are home to more than half of the world’s human population (United Nations (UN), 2014). In the US, 30-50% of people live in coastal counties, primarily in cities (Crossett et al., 2013). Coastal cities concentrate many social benefits for people because they serve as cultural hubs and centers of commerce and trade (Ernstson et al., 2010), and there is increasing appreciation that they are also places that nature’s benefits are most needed (Granek et al., 2010; Lepczyk et al., 2017; Keeler et al., 2019). However, urban expansion draws down natural resources, consumes undeveloped and agricultural lands, and influences biodiversity and ecosystem functions (Bulleri and Chapman, 2010; Secretariat of the Convention on Biological Diversity (SCBD), 2012; Todd et al., 2019). While it is well understood that coastal development changes ecosystems, a quantitative understanding of the relationship between landscape-scale development, ecosystem structure, and ecosystem function relative to other local, regional, and global influences is generally lacking (Halpern et al., 2009; Ãlvarez-Romero et al., 2011; but see McClelland et al., 1997; Koch et al., 2009).

The literature is replete with hypotheses about processes associated with urban land development that modify ecosystem structure and function (Table 1). These processes include increases in species introductions, nutrient inputs, stream flashiness, sediment runoff, water temperature, low-oxygen areas, toxic contaminants, and extractive use. Such changes can interact to affect other ecosystem properties, such as when eutrophication creates low-oxygen zones that reduce biodiversity (Stramma et al., 2010). It is common to examine impacts of urbanization on biodiversity using indicator taxa, and invertebrate communities are frequently used for such assessments because they are tractable for monitoring purposes and sensitive to environmental changes in predictable ways (Alberti et al., 2007; Clark et al., 2015). Ecologists evaluate a range of important ecosystem functions, including but not limited to primary and secondary production, transformation of organic matter (e.g., via decomposition), and nutrient cycling (Strong et al., 2015). A key factor in deciding which metrics of biodiversity and ecosystem function to monitor and track is to link them to outcomes of interest, including those associated with conservation or restoration actions.


Table 1 | Examples of how urbanization, defined here as greater imperviousness and coastal armoring, can modify environmental processes, along with expected relationships between a variety of ecosystem properties.



Often hypotheses about changes in ecosystem structure and function imply that the effects of development should be strongest on land, and attenuate but not necessarily extinguish in coastal marine ecosystems (Beger et al., 2010; Ãlvarez-Romero et al., 2011; Buckner et al., 2018). The rationale for this predicted attenuation is that many of the landscape-scale impacts occur directly in terrestrial habitats (e.g., conversion of natural to impervious surfaces) and that the indirect effects in adjacent freshwater and downstream coastal marine habitats should be comparatively diminished. In some cases, it is clear that the influence of terrestrial inputs, such as dissolved organic carbon, are diminished in freshwater and coastal marine systems, but such findings remain a contentious area of investigation (Brett et al., 2009). Quantitative evidence for specific urban impacts on ecosystem structure and function, such as biotic homogenization and loss of foundation species, is beginning to emerge (Cuffney et al., 2010; Kelly et al., 2016; Lee et al., 2018; Todd et al., 2019; Momota and Hosokawa, 2021). However, few published studies consider the extent to which urbanization effects are linked across land-sea boundaries, despite (a) the potential for direct changes to terrestrial and freshwater habitats to have more marginal impacts within coastal marine habitats, and (b) the clear importance of resolving these connectivity issues for ecosystem management (Stoms et al., 2005; Alberti et al., 2007; Tallis et al., 2008; Beger et al., 2010; Buckner et al., 2018).

Species that move between freshwater and coastal marine habitats may be especially sensitive to changes in biodiversity and ecosystem function caused by urbanization, as they can experience compounding effects across habitats (Gosselin et al., 2018; Friedman et al., 2019). One prominent example comes from Pacific salmon (Oncorhynchus spp.), anadromous species that coexist with humans in heavily populated urban regions as well as in remote and unpopulated areas. Urbanization has been shown to increase toxic runoff and cause geomorphological alterations that affect salmon throughout their life cycle. Changes in biodiversity of salmon prey, along with modifications to ecosystem functions related to the flux of energy, have been linked to salmon productivity and survival (Morley and Karr, 2002; Feist et al., 2017). The biodiversity of invertebrate prey items for juvenile salmon, in both freshwater and coastal marine habitats, is particularly important to early marine growth and survival (Wipfli and Baxter, 2010; Kennedy et al., 2018; Davis et al., 2020), and can be affected by the presence of biogenic habitats like eelgrass and land use change associated with urban development (Francis and Schindler, 2009; Sobocinski et al., 2010; Dethier et al., 2016). Despite concerted efforts in recent years to restore coastal marine habitats for salmon (Munsch et al., 2015; Bilkovic et al., 2016; Munsch et al., 2017), integrative work to consider coupled changes to the structure and function of freshwater and coastal marine habitats, which are physically connected and ecologically linked by the waters, chemicals, and species that move between them, remain relatively rare. While recent research considers changes in land cover across connected freshwater and coastal marine habitats (Bartz et al., 2015), few studies actually estimate changes in freshwater biodiversity of salmon prey or ecosystem functions (such as shifts in riverine flows and metabolism) in relation to analogous biodiversity and ecosystem functions in connected coastal marine habitats. Furthermore, there is much less research available to inform an understanding of how upland and coastal urbanization corresponds to changes in ecosystem structure and function within coastal marine habitats. This information is essential for building a grounded understanding of the ecological changes that have led to the threatened and endangered status of many salmon populations in the US (https://www.fisheries.noaa.gov/species-directory/threatened-endangered) and Canada (https://www.canada.ca/en/environment-climate-change/services/species-risk-public-registry.html), and can allow for more effective outcomes for restoration efforts intended to aid salmon recovery.

The coastal region of Puget Sound, WA, USA, is critical habitat for many populations of Pacific salmon and an excellent test bed for understanding how ecosystem properties that salmon rely upon change along an urban gradient and across the land-sea interface. The Puget Sound is within the larger Salish Sea ecosystem and includes the lands and waters from the crests of the Cascade and Olympic mountains to the coastal marine waters as far south as Olympia, WA, north to the San Juan Islands and west to the mouth of the Strait of Juan de Fuca (Ruckelshaus and McClure, 2007; Figure 1). It is characterized by a full range of coastal land cover, from undeveloped to intensely developed, including uninhabited wilderness areas, three national parks, and densely populated cities (0-232 people km-2, including the metropolitan hubs of Seattle and Tacoma). The population in Puget Sound has increased by more than 1 million since 2010, has more than doubled in the past half century (Manson et al., 2021), and nearly 4 million people live within 20km of the Puget Sound coastline (Kelly et al., 2016), placing enormous anthropogenic pressure on this fjordal ecosystem. Understanding how urbanization affects the biophysical ecosystem in this region is a priority because the 35,000 km2 Puget Sound basin contains thousands of watersheds, many of which include perennial lowland streams and rivers that are habitat for Pacific salmon, including some species listed as threatened or endangered under the U.S. Endangered Species Act (Puget Sound chinook salmon, O. tshawytscha; Hood Canal summer-run chum salmon, O. keta; 16 U.S.C. §§ 1531–1544).




Figure 1 | Map of watersheds used for this study (colored polygons), contextualized relative to other candidate watersheds considered (gray outlines), along with a principal components analysis of watershed pairs used to define the urban gradient. Larger values of PC1 and PC2 indicate increasing urbanization.



Here we studied how changes in the biodiversity of salmon prey communities (epibenthic invertebrates), along with variability in net primary productivity and decomposition (two of many ecosystem functions that underpin energy fluxes in salmon habitats), relate to landscape-scale urbanization in the Puget Sound region. By developing an index of urbanization based on land cover data, we were able to choose study sites falling along a gradient from heavily impacted to largely unmodified freshwater and coastal marine habitats. We conducted analyses to determine if (i) increased urbanization lowered biodiversity and reduced ecosystem function, and (ii) the effects of urbanization were stronger in freshwater habitats than in coastal marine habitats. This research adds to a growing body of literature on the effects of cities on ecosystems, and bolsters understanding of how ecosystem properties critical to salmon populations vary with urbanization in freshwater and coastal marine habitats.



2 Materials and methods


2.1 Defining the urban gradient

We quantified watershed scale patterns of urbanization in streams that flowed directly into Puget Sound using ESRI ArcGIS software suite (v.10.1). We used an existing river basin geospatial data layer (PSNERP, 2010) to select watersheds that were ≤1,000 ha, and contained ephemeral and perennial streams (U.S. Environmental Protection Agency & U.S. Geological Survey, 2005). We quantified the degree of urbanization in watersheds that met these criteria, by spatially overlaying them with four existing and spatially comprehensive geospatial data layers. These publicly available data layers capture various aspects of urbanization: imperviousness (i.e., surface areas that reduce infiltration and increase runoff; Schueler et al., 2009), length of roadways (OpenStreetMap contributors, 2012), land use and land cover type (LULC, Fry et al. 2011), and length of shoreline armoring (PSNERP, 2010). For the data layers with a continuous attribute (imperviousness, 0 - 100%, and roadway, density per km2) we calculated area weighted mean values for each watershed. For the data layers with categorical attributes (LULC, shoreline armoring), we calculated the proportion of each watershed that was classified as developed as well as the proportion of the associated shoreline that was armored. Note that we included the extent of shoreline armoring as part of the development of our urbanization index because of the profound impacts this kind of habitat modification can have in coastal marine habitats (Dethier et al., 2016).

Following Alberti et al. (2007) and Spirandelli (2014), we characterized the rural-to-urban gradient by reducing the dimensionality of the four land cover data layers using principal components analysis (PCA) in Primer v6. Prior to the PCA, we normalized the data layers so each had a mean of zero and unit variance to ensure that they were equally influential in describing the urban gradient. The first two principal components (PC1 and PC2) explained 92% of the among-watershed variation in the original four LULC data layers (Table S1; Figure 1). Increasingly positive values of PC1 (74%) corresponded to more human-modified watersheds (specifically, those with greater imperviousness, road, and developed land cover); we refer to PC1 as the ‘upland urbanization index’. Increasingly positive values of PC2 (18%) corresponded primarily to increased armoring, after accounting for effects of imperviousness; we refer to PC2 as the ‘coastal armoring index’.



2.2 Study design

In order to account for well-known spatial variability in both abiotic (e.g., salinity) and biotic (e.g., recruitment) factors (Dethier et al., 2012; Gallego et al., 2020), we collected data on biodiversity of invertebrates and two ecosystem functions (net primary productivity, decomposition) from freshwater and coastal marine habitats within six pairs of watersheds characterized by perennial streams, with similar drainage areas, occurring at similar latitudes, within the same oceanographic basins (5 pairs within Central Puget Sound, 1 pair in Hood Canal), and spanning a wide range of urbanization across Puget Sound (Figure 1, Tables S2–S3). Each pair consisted of a more and less urbanized watershed, such that more urbanized watersheds were defined as those that were more anthropogenically-modified (i.e., higher upland urbanization index and coastal armoring index values). Nested within each watershed, we selected two study sites, one each in freshwater and coastal marine habitats. Because eelgrass (Zostera marina) is a highly influential biogenic habitat in coastal marine environments, we also determined whether the more or less urbanized site in each watershed pair had more eelgrass in the coastal marine habitat (see Supplemental Materials, Table S2) and used this as a controlling factor in the analysis below. For analysis of freshwater invertebrate diversity only (for details of invertebrate collections and estimates of biodiversity see Section 2.3.1), we relied on publicly available data collected from 37 streams throughout Puget Sound to increase our sample size and strength of inference. These data were also analyzed using a paired design (see below).

We developed our paired-watershed study design because we know that several additional covariates describing urbanization are not available at the watershed level in Puget Sound. We conducted initial scoping of several fine-scale covariates (including stream water temperature, coastal marine water temperature, stream flow, stream dimensions, stream canopy cover, stream and coastal marine nutrient concentrations, and wind exposure of coastal marine habitats) and selected site pairs that were qualitatively similar (see Section 1.1 of the Supplemental Materials and Table S4 for details). As many other metrics of urbanization vary spatially, identifying geographically proximate pairs of watersheds allowed us to control for unobserved covariates that could potentially affect the relationship between ecosystem properties and urbanization (Figure 1). Although we could have explored relationships between ecosystem properties and urbanization at our study sites without this paired-watershed study design, doing so would have required that we had data for an even more robust set of potential covariates to include in the analysis. For example, freshwater and coastal marine habitats are influenced by upland topography, the timing and amplitude of tidal fluctuations, and salinity gradients all of which vary geographically in the Puget Sound region (Ruckelshaus and McClure, 2007). While some of this information is publicly available, finer-scale data on covariates that may also influence ecosystem properties are not (for our study specifically and for most cases of conservation concern). Thus, we determined that the paired-watershed study design was the most concise and tractable way to test for an association of urbanization with ecosystem properties in freshwater and coastal marine habitats, while controlling for as many other factors as possible.

Our study focused on the effects of urbanization on biodiversity and two types of ecosystem functions—net primary productivity and decomposition. Changes in biodiversity are a primary concern related to urbanization (Pickett et al., 1997; Aronson et al., 2014; Beninde et al., 2015; Clark et al., 2015). We evaluated two measures of biodiversity, the number of epibenthic macroinvertebrate families (family density), and the distribution of individuals among these families (Simpson diversity). Epibenthic macroinvertebrates are useful indicator species in both freshwater (Morley and Karr, 2002) and coastal marine (Bilkovic et al., 2006) habitats because they are relatively sedentary, tend to respond relatively quickly to changes in local environmental conditions, and their taxonomy is relatively well known. They are especially important prey items in both freshwater and coastal marine habitats for juvenile salmon (Wipfli and Baxter, 2010; Munsch et al., 2015; Kennedy et al., 2018; Davis et al., 2020). Net primary productivity and decomposition are two ecosystem functions thought to respond directly to urbanization, via associated changes in abiotic factors such as nutrients, light, and flow, or indirectly via changes in ecological communities (Table 1). These functions are fundamental to the production of new biomass and cycling of energy in ecosystems (Vitousek et al., 1986; Cebrian and Lartigue, 2004), and in salmon ecosystems in particular (Gende et al., 2002). The choice of a paired-watershed study design allowed us to examine 4 metrics (invertebrate richness, invertebrate diversity, primary production, decomposition) in each of 2 habitat types (coastal marine, freshwater) in 3 different years at ≥12 sites (Tables 2, S3).


Table 2 | Description of data types and sampling methods.





2.3 Characterizing variability in urbanization and ecosystem properties


2.3.1 Biodiversity

In coastal marine habitats, we collected epibenthic macroinvertebrates along an ~100 m length of coastline at each of the study sites (n=3 samples site-1 year-1); (Tables 2). Collections occurred in July 2012, 2013, and 2014 using an epibenthic sled (1 m x 1 m opening, 1 mm mesh; Simenstad et al., 1991), towed over 10 m transects at each site (~-0.5m tidal elevation). We sampled the epibenthic community occurring within eelgrass beds at 9 of the study sites, and within mudflats at 3 of the study sites (Table S2), and samples were stored on ice in the field and transferred to ethanol for preservation within 24 hours.

In freshwater habitats, we used existing long-term data on stream invertebrates collected across Puget Sound (Puget Sound Stream Benthos, 2015), rather than collecting our own samples. To ensure temporal comparability between coastal marine and freshwater habitats, we focused on stream macroinvertebrate data collected by a variety of regional agencies and environmental organizations between 2012-2013 in the South Central Basin of Puget Sound (for details about standardized methods, see King County, 2009). Our analyses relied on count data aggregated at the family level to maximize the number of database entries we could use (n=37 watersheds ≤1,000 ha with perennial streams flowing directly into Puget Sound) and to ensure consistency with analysis of invertebrate data we collected from coastal marine habitats. We examined all possible pairings of more and less urbanized watersheds contained within this database, where urbanization was defined using upland urbanization index described above.

For both coastal marine and freshwater habitats, we quantified the number of macroinvertebrates in each taxonomic family (Tables S3, S4), a resolution considered sufficient for capturing major spatial differences in species composition for this region (Dethier and Schoch, 2006). We used the observed number of invertebrate families to estimate family density (number of taxonomic families observed) and Simpson diversity (a measure of evenness) from each sample (with the vegan package in R v3.1; R Core Team, 2014; Oksanen et al., 2015).



2.3.2 Net primary productivity

We assayed benthic freshwater and coastal marine organic matter accrual on pre-rinsed unglazed ceramic tiles (10cm x 10cm x 0.5cm deep; n = 10 site-1) in June-August 2012-2013 (Table 2). This approach primarily tracked algal growth on and immediately above the benthos, and we refer to it as index of net primary productivity (Hixon and Brostoff, 1996; Steinman et al., 2007). In coastal marine habitats, we used plastic ties to attach tiles to the tops of 1m long vertical PVC poles spaced evenly along an ~100m length of coastline (~-0.5m tidal elevation). In the freshwater habitats, we placed tiles exclusively in riffles every 2-5 m along a 100-200m reach. Tiles were attached to hardware cloth using plastic ties, and hardware cloth was attached to the streambed using rebar. We collected tiles from both freshwater and coastal marine habitats after 8-12 weeks to determine organic matter accrual. Organic matter accrual in streams was composed of micro-algae (e.g. benthic diatoms), fungi, microbes, etc., while coastal marine production was dominated by macroalgae such as Ulva spp. Tiles were stored on ice in the field and processed in the lab within 24 hours.

Prior to processing, we rinsed the tiles of sediments over a 500 micron wire mesh sieve and removed macroinvertebrates visible to the naked eye to minimize overestimation of algal organic matter. We scrubbed biofilm from the top surface of each tile using a bristled brush and filtered water. For coastal marine tiles, algal scrapings were placed directly into aluminum weigh boats, dried at 60°C for ≥72 hours, weighed, ashed at 400°C for 2 hours, and reweighed (Hixon and Brostoff, 1996). For freshwater tiles, twenty percent of the resulting 500 mL slurry was filtered onto a pre-ashed, pre-weighed 47-mm GF/F filter. These samples were dried at 60°C for 24 hours, weighed, ashed at 400°C for 2 hours, and reweighed (Steinman et al., 2007). For both freshwater and coastal marine tiles, the ash-free dry mass (AFDM) was taken as an estimate of the organic content of primary producers present on the tiles at the time of collection. We divided this measure of organic content by the amount of time the tiles were deployed to estimate rates of net primary productivity. (Preliminary investigation of tiles collected after 14, 28, 60, 90, and 120 days during a separate 2012 study suggested a linear rate of algal increase over time; Samhouri et al. unpublished data).



2.3.3 Decomposition

To track litter decomposition, we collected freshly fallen, dried maple leaves (Acer spp; freshwater habitats) or rinsed, drift eelgrass (Zostera marina; coastal marine habitats) and deployed these materials in mesh litter bags at each site (n = 8, 10 g bags site-1) (Tables 2). We chose maple leaves and eelgrass because these were the most common types of vegetation found decomposing naturally at our study sites. In the coastal marine habitats, we used plastic ties to attach litter bags to the tops of 1m long vertical PVC poles spaced evenly along an ~100m length of coastline in August 2013 (~-0.5m tidal elevation). In the freshwater habitats, we placed the litter bags exclusively in riffles every 2m -10m along a 100-200m reach in early November 2012 and 2013. Litter bags were attached to rebar (embedded within the streams) using plastic ties. We collected litter bags from both freshwater (1-2 months later) and coastal marine (4-6 weeks later) habitats to determine litter loss rates. Litter bags were stored on ice in the field and processed in the lab within 24 hours.

To minimize overestimation of remaining organic matter, we rinsed the litter bags of sediments over a 500 micron wire mesh sieve and removed macroinvertebrates visible to the naked eye. These pre-processed samples were transferred to aluminum weigh boats and dried at 60°C to constant weight for 24-72 hours, weighed, ashed at 400°C for 2 hours, and reweighed (Bretherton et al., 2011; Nicastro et al., 2012). For both freshwater and coastal marine litter bags, the ash-free dry mass (AFDM) was taken as an estimate of the organic content of litter remaining at the time of collection. Decomposition rates were estimated as the difference between initial litter bag weights (10g) and organic content remaining at the time of collection, divided by the number of days the litters bags were deployed.




2.4 Analyses


2.4.1 Comparisons of ecosystem properties along a continuum of urbanization

Our primary hypothesis was that urbanization would cause reductions in four ecosystem properties (family density, Simpson diversity, net primary productivity, and decomposition) in coastal marine and freshwater habitats. The metrics we used were consistent across coastal marine and freshwater habitats, although due to physiological and other constraints the specific taxa associated with these metrics differed between habitats. The analytical framework we used to evaluate changes in invertebrate family density and Simpson diversity was also similar in both freshwater and coastal marine habitats. Specifically, because urbanization scores for some watershed pairs differed more widely than for others (Figure 1; e.g., compare Pair 3 with Pair 6), we examined pairwise differences in ecosystem properties within each watershed pair. We estimated the disparity in urbanization as the difference in the upland urbanization index (PC1) values or the difference in the coastal armoring index (PC2) values between the more and less urbanized watershed in each pair (hereafter, urbanization differences). Note that because they are strongly correlated with urbanization, other measures of urbanization produce qualitatively similar relationships to those analyzed here (Table A1). Similarly, to estimate the disparity in ecosystem properties, we calculated the difference in the average value of each property between the more and less urbanized watershed in each pair (hereafter, ecosystem property difference). We used ANCOVA to test for the effect of upland urbanization index difference (a linear covariate) and year (a categorical factor) on ecosystem property difference (e.g., Simpson diversity difference). For coastal marine ecosystem properties, we included 2 additional predictor variables in the models: the coastal armoring index difference (a linear covariate) and eelgrass difference (a categorical factor, based on whether the more urbanized site in each pair had more or less eelgrass). This analytical structure accurately reflected the paired design of our study and thus provided the strongest available test of the effects of changes in land cover, while accounting for other covariates (both measured [Table S4] and unmeasured).

Because we used a larger data set of watersheds for freshwater invertebrates, we employed a slightly different set of analyses for freshwater invertebrate family density and Simpson diversity. Specifically, we examined all possible pairings of the 37 watersheds using a Mantel test. Like ANCOVA, a Mantel test is a regression, but it considers variables as distance matrices summarizing all possible pairwise similarities among sample locations. We used a Mantel test to determine whether watershed pairs that were more dissimilar in the upland urbanization index were also more dissimilar in ecosystem properties, while controlling for dissimilarity in the area of the watershed basins from which the invertebrate data were derived. For these analyses, we evaluated 2012 and 2013 data separately, with the upland urbanization index difference rescaled so that positive values reflected smaller differences in upland urbanization in order to avoid excessive Type II error inherent to a Mantel test when the correlations between predictor and dependent variables are expected to be negative (Legendre and Fortin, 2010). Because we had a larger number of watersheds to consider for the analysis of freshwater biodiversity (n=37 rather than n=12 for the other metrics), implementation of a Mantel test provided a more robust assessment of associations between urbanization and these ecosystem properties but would not have been feasible with the smaller sample size available for the two metrics of coastal marine biodiversity, as well as for freshwater and coastal marine net primary productivity and decomposition.



2.4.2 Moving from land to sea: Comparison of the strength of relationships between ecosystem properties and urbanization in freshwater and coastal marine habitats

To test the hypothesis that urbanization was more strongly associated with ecosystem properties within freshwater habitats than within coastal marine habitats, we compared the strength of the upland urbanization index difference effect for biodiversity, net primary productivity, and decomposition across habitats. To ensure that effect sizes were comparable while avoiding confounding effects of different sample sizes between habitats, we standardized each habitat-specific dependent variable (by subtracting the mean and dividing by the standard deviation), conducted a linear regression of it against the upland urbanization index difference to estimate the ‘urbanization’ coefficient, and compared this value (and its 95% CI) across habitats.





3 Results


3.1 Comparisons of ecosystem properties along a continuum of urbanization

The wide range of land cover and ecosystem properties we observed facilitated a strong test for associations between urbanization and ecosystem properties. Specifically, the watersheds in our study spanned 1% to >40% imperviousness and 25% to 100% shoreline armoring. We also found considerable variation in ecosystem properties across our study sites. In coastal marine habitats, invertebrate family density varied 6-fold (range: 3-18 families), Simpson diversity ranged almost an order of magnitude (0.07-0.79), net primary productivity varied by almost 2 orders of magnitude (2.76 x 10-4 – 1.97 x10-2 g day-1), and decomposition rates varied from nil to -0.4 g day-1. In freshwater habitats, invertebrate family density varied almost 5-fold (range: 6-29 families), Simpson diversity varied >3-fold (0.26-0.9), net primary productivity ranged almost a full order of magnitude (1.02 x 10-4 – 8.3 x10-4 g day-1), and decomposition rates spanned a 5-fold range (-0.04 to -0.22 g day-1).

We expected increases in urbanization would cause decreases in ecosystem properties, but instead we found that urbanization effects were context-dependent. In watershed pairs that were similar in upland urbanization index values (i.e., <20% difference), more urbanized coastal marine habitats tended to have higher family density than their less urbanized counterparts (Figure 2A). Counter-intuitively, as the upland urbanization index difference between watersheds within a pair grew large, differences in coastal marine family density became negligible (Figure 2A; p = 0.05). There was not a significant association between coastal marine Simpson diversity difference and the upland urbanization index difference (Figure 2B; p = 0.53), although coastal marine Simpson diversity tended to be higher at the less urbanized site within each site pair (difference values tended to be negative; Figure 2B). The coastal armoring index difference, eelgrass difference, and year effects on the differences in coastal marine family density and coastal marine Simpson diversity were all statistically non-significant.




Figure 2 | Associations between the upland urbanization difference and disparity between more and less urbanized watersheds in two measures of invertebrate diversity (top, Family Density; bottom, Simpson Diversity) in coastal marine (A, C) and freshwater (B, D) habitats. Solid regression lines indicate statistically significant associations; dotted lines serve as a reference representing zero difference in the diversity indices between more and less urbanized watersheds.



In freshwater habitats, family density difference (Figure 2C) in 2012 (p < 0.001) and 2013 (p < 0.001) and Simpson diversity difference (Figure 2D) in 2012 (p < 0.001) were negatively associated with the upland urbanization index difference, such that more urbanized watersheds tended to have lower family density and Simpson diversity than less urbanized watersheds. The Simpson diversity difference in 2013 also demonstrated a negative relationship with the upland urbanization index difference, but this relationship was nonsignificant (p = 0.11).

There were no significant associations between the upland urbanization index difference or year and differences in the two ecosystem functions we tracked, net primary productivity and decomposition (Figure 3). Similarly, there were no significant effects of the coastal armoring index difference or eelgrass difference on the differences in the two coastal marine ecosystem functions. Qualitatively, coastal marine and freshwater primary production tended to be higher at the less urbanized site within each site pair (difference values tended to be negative; mean value at more urbanized freshwater sites = 2.09 x 10-4 g day-1, mean value at less urbanized freshwater sites = 3.47 x 10-4 g day-1; mean value at more urbanized coastal marine sites = 2.75 x 10-3 g day-1, mean value at less urbanized coastal marine sites = 5.98 x 10-3 g day-1; Figures 3A, B), whereas freshwater decomposition tended to be higher at the more urbanized site within each site pair (difference values tended to be positive; mean value at more urbanized freshwater sites = 0.162 g day-1, mean value at less urbanized freshwater sites = 0.129 g day-1; Figure 3D).




Figure 3 | Associations between the upland urbanization difference and disparity between more and less urbanized watersheds in two ecosystem functions (top, Net Primary Productivity; bottom, Decomposition) in coastal marine (A, C) and freshwater (B, D) habitats. No regressions were statistically significant; dotted lines serve as a reference representing zero difference in the ecosystem properties between more and less urbanized watersheds.





3.2 Moving from land to sea: Comparison of the strength of relationships between ecosystem properties and urbanization in freshwater and coastal marine habitats

Differences between more and less urbanized sites in the two measures of biodiversity we tracked were negatively associated with the upland urbanization index difference in coastal marine and freshwater habitats (Section 3.1, Figure 2), as hypothesized. Though we predicted a stronger relationship in freshwater than coastal marine habitats, the strength of associations between family density difference and the upland urbanization index difference, and that between Simpson diversity difference and the upland urbanization index difference, were similar in both coastal marine and freshwater habitats because of high variance in the coastal marine metrics (Figure 4). Because neither net primary productivity difference nor decomposition difference was significantly associated with the upland urbanization index difference in freshwater or coastal marine habitats (i.e., the slopes of these regression lines were not significantly different than zero; Figure 3), we can also reject the hypothesis that urbanization was significantly more associated with freshwater ecosystem functions than coastal marine ecosystem functions.




Figure 4 | Mean effect sizes (with 95% CI) for relationships between biodiversity differences [(A) family density; (B) Simpson diversity] and differences in the upland urbanization index in freshwater and coastal marine habitats. Effect sizes related to two ecosystem functions (net primary productivity and decomposition) also did not differ between habitat types (not shown).






4 Discussion

As coastal cities expand, it is increasingly important to understand the effects of human activities on terrestrial, freshwater, and coastal marine habitats. Urbanized ecosystems generate a wide range of services on which people depend, including protection from severe weather and climate impacts, improved air and water quality, stress relief, and food production (Grimm et al. 2008; Niemelaä et al., 2011; Lepczyk et al., 2017; Keeler et al., 2019). However, it is often assumed that “ecology [with]in cities” is impaired or diminished relative to that of less-urbanized locations, causing urban areas to rely strongly on unpopulated ecosystems in distant, rural, and undeveloped locations (Jansson, 2013). Here we found biodiversity is not uniformly lower (Figure 2), net primary productivity and decomposition ecosystem functions are not measurably different (Figure 3), and coastal marine habitats are not less affected than freshwater habitats by urbanization (Figure 4). It is of course possible that other, unobserved, elements of urbanization may be associated with declines in biodiversity or ecosystem functions. Nevertheless, our results suggest that discussion of ecology within cities and expectations for the services they can provide require nuanced consideration (Grimm et al. 2008, Dearborn and Kark, 2010; Ives et al., 2016). Further, our findings provide three lessons—one cautionary, another optimistic, and a third motivational—for coastal conservation and management.

Often, conservation and management goals focus on broad terms such as biodiversity, ecosystem functions, and resilience (McLeod and Leslie, 2009). For example, the United Nations Convention on Biological Diversity has developed a set of strategic goals related to “biodiversity” (United Nations (UN), 2010). Regionally, the Washington legislature established an objective to “protect ecosystem biodiversity” in Puget Sound (Revised Code of Washington 90.71.300 Action Agenda – Goals and Objectives) and there are major efforts underway to track progress toward it. However, as our results suggest, terms such as “biodiversity” are quite coarse, making it difficult to discern when changes in biodiversity are meaningful. We found that alternative indicators for a single ecosystem property can conflict, as they did for the two measures of coastal marine biodiversity in our study. Additionally, even if a single indicator (such as Simpson diversity) is preferred, increases in diversity are not universally desirable (e.g., due to introductions of non-indigenous species; Lean, 2021). We found that coastal marine invertebrate family density was higher in Puget Sound at more urbanized sites when the extent of upland urbanization was small relative to paired, less urbanized sites (Figure 2; also see Ives et al., 2016). This finding leaves open the questions of whether small amounts of urbanization-related disturbance can augment diversity. If so, this pattern would provide support for an intermediate disturbance hypothesis related to human impacts (Connell, 1978; Vonshak and Gordon, 2015), whether or not initial increases in diversity within low to moderate urbanization emerge from normatively desirable or nuisance species. Furthermore, a rigorous examination of whether the additional taxonomic families observed at our more urbanized sites are ecologically important to key elements of biodiversity, such as Pacific salmon that rely on a subset of available invertebrate prey during their migration through coastal marine habitats (Munsch et al., 2015; Davis et al., 2020), was beyond the scope of this study. On the other hand, our observations of lower macroinvertebrate family densities at more urbanized sites in freshwater habitats correspond to lower values for the Index of Biological Integrity (Peter et al., 2022). A large literature suggests that, in combination with other changes to freshwater and coastal marine habitats (e.g., geomorphological; Foley et al., 2017), the Index of Biological Integrity is a reasonable proxy of impaired water quality and likely poorer ecosystem conditions for salmon (though any inferences around ecosystem conditions for salmon are best made by capturing a broad suite of factors). The specific contrasts in the two biodiversity metrics and in freshwater versus coastal marine habitats underscore how clarity of purpose for choosing a particular indicator will help to inform actionable strategies for meeting conservation and management goals. It is fully possible that other ecosystem properties not assessed here may vary in predictable ways with urbanization, including effects of urbanization we did not explicitly quantify (e.g., eutrophication and associated oxygen depletion effects). Active efforts to further refine and specify how to measure progress toward biodiversity goals are ongoing in both the UN and Puget Sound contexts (Samhouri and Levin, 2012; McQuatters-Gollop et al., 2019). To these ends, we encourage future research that explores how ecosystem properties vary with urbanization more comprehensively in Puget Sound and beyond.

The second lesson from this research is more optimistic: increasing urbanization was not consistently or significantly associated with greater impairment of two key ecosystem functions in either freshwater or coastal marine habitats (Figure 3). These two functions, net primary productivity and decomposition, are fundamental to “healthy and resilient” ecosystems (Christensen, 1995; Elliott and Quintino, 2007; Samhouri et al., 2010) advocated in calls for widespread implementation of EBM (McLeod and Leslie, 2009). They underpin the production of consumer biomass (including consumers that serve as human foods; Pauly and Christensen, 1995; Brown et al., 2004) and the efficient recycling of energy and nutrients via microbes and macrobes, an archetypal regulating service (MEA, 2005). Though beyond the scope of our study, we believe factors largely independent of urbanization at our study sites—such as the influence of light (net primary productivity) or turbulence (decomposition)—contributed most to the wide range of spatial variability in ecosystem properties we observed. We have embraced a landscape perspective in arriving at this conclusion, and recognize that ecosystem properties could respond to urbanization at a different spatial scale(s) than those addressed here.

In the Puget Sound region and beyond, it is increasingly common to observe environmental policies that call for integrated land-sea planning and ecosystem-based management that crosses traditional social-ecological boundaries (POC, 2003; PSP, 2008; Ãlvarez-Romero et al., 2011; Samhouri and Levin, 2012). The third lesson from this study motivates a call for support of such initiatives, as we found that associations between ecosystem properties and urbanization did not diminish in strength between freshwater and coastal marine habitats. This finding runs counter to others suggesting that allochthonous inputs from land are not as important as internally generated drivers in coastal marine environments (Brett et al., 2009; Steinberg et al., 2010), and echoes more widely accepted understanding of major river influences on coastal marine ecosystems (Diaz and Rosenberg, 2008). The main difference is that in our study, we tested connections within much smaller watersheds, typically thought to be of minimal influence on coastal marine ecosystems (Smith et al., 2003; Halpern et al., 2009). Not only did we fail to distinguish between upland urbanization impacts to freshwater and coastal marine habitats within these watersheds in this study, but in the case of Puget Sound there are widely understood linkages between freshwater and coastal marine habitats generated by species of concern, especially Pacific salmon (Buckner et al., 2018). In light of these results, integrated land-sea planning such as that spearheaded in the Puget Sound region by the Puget Sound Partnership, and elsewhere around the world (Tissot et al., 2009; Takeda and Røpke, 2010), offers strong promise.

In conclusion, rather than providing unequivocal evidence for the negative impacts of urban landscapes on biodiversity and ecosystem functions, our study supports growing evidence that a dichotomy between urbanized and non-urbanized ecological communities is less straightforward than is often assumed (Table 1). This study quantified tractable metrics of ecosystem structure and function across a broad gradient of urbanization, and while the properties on which we focused may not have been perfect or comprehensive, the insights from them dispel some commonly-held assumptions about uniformly negative impacts of urbanization while informing future areas fertile for research. Moving forward, questions around whether ecological responses to urbanization occur at different spatial scales then measured here deserve exploration, as do associated changes in functional diversity, disease, pathogens, and invasion risk (Todd et al., 2019). Similarly, more directed inquiry regarding specific mechanistic relationships using indices of human influence that better reflect underlying processes might provide qualitatively different insights about the impacts of urbanization on ecosystem structure and function. These possibilities are especially intriguing given that the negative association between freshwater diversity and urbanization observed in this study, and established previously (Morley and Karr, 2002), was striking not so much for its mean effect size (Figure 4), but for the amount of unexplained variance around the trend (Figure 2). High variability and relatively weak effects of urbanization suggest a role for context-dependent ecosystem responses, which may require tracking different measures of urban impacts and ecosystem properties. Insights such as these suggest fertile ground for future work to consider urbanization as one of multiple factors, ranging from physical to geomorphological to ecological and beyond, that influence ecosystem structure, function, and the relationship between the two. We especially encourage future research that expands the number of study sites and organizational levels considered, and that simultaneously estimates salmon performance in relation to urbanization-related impacts to Puget Sound ecosystem components. More broadly, our study suggests that integrative, umbrella indicators such as biodiversity are likely most informative when reported with more granular measures reflecting the status of species and habitats of particular concern. Such a portfolio of indicators can then be managed collectively to ensure that whole ecosystems, as well as the parts within them, are making progress toward society’s desired futures (Nicholson et al., 2021).
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These example studies suggest that the net effect of urbanization can lead to a wide range of ecosystem responses. For habitats, F = freshwater, M = coastal marine.
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