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Abstract: Urbanization substantially changes the physicochemical and biological characteristics of streams. The trajectory of
negative effect is broadly similar around the world, but the nature and magnitude of ecological responses to urban growth
differ among locations. Some heterogeneity in response arises from differences in the level of urban development and attributes
of urban water management. However, the heterogeneity also may arise from variation in hydrologic, biological, and physico-
chemical templates that shaped stream ecosystems before urban development. We present a framework to develop hypotheses
that predict how natural watershed and channel attributes in the pre-urban-development state may confer ecological resistance
to urbanization. We present 6 testable hypotheses that explore the expression of such attributes under our framework:
1) greater water storage capacity mitigates hydrologic regime shifts, 2) coarse substrates and a balance between erosive forces
and sediment supply buffer morphological changes, 3) naturally high ionic concentrations and pH pre-adapt biota to water-
quality stress, 4) metapopulation connectivity results in retention of species richness, 5) high functional redundancy buffers
trophic function from species loss, and 6) landuse history mutes or reverses the expected trajectory of eutrophication. Data
from past comparative analyses support these hypotheses, but rigorous testing will require targeted investigations that account
for confounding or interacting factors, such as diversity in urban infrastructure attributes. Improved understanding of the
susceptibility or resistance of stream ecosystems could substantially strengthen conservation, management, and monitoring
efforts in urban streams. We hope that these preliminary, conceptual hypotheses will encourage others to explore these ideas
further and generate additional explanations for the heterogeneity observed in urban streams.
Key words: urbanization, ecological resistance, water storage capacity, sediment supply, connectivity, conductance,
biodiversity and ecosystem function, land use history

A consistent suite of physical, chemical, and ecological
changes constitute the now well-defined urban stream
syndrome (Meyer et al. 2005, Walsh et al. 2005). In urban
watersheds, impervious surfaces disrupt the natural flow
regime and route water and pollutants directly to chan-

nels. The altered hydrologic regime, geomorphic adjust-
ment, and chemical degradation result in biodiversity loss
(Brown et al. 2005). Consistent patterns of environmental
degradation in urban streams reflect the importance of
impervious surface as a fundamental landscape stressor.
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However, natural streams exhibit substantial heterogene-
ity in their physical, chemical, and biological properties,
both within and among landscapes (Cushing et al. 2006,
Schueler et al. 2009). Therefore, one might reasonably
expect that some streams will be less susceptible than
others to environmental changes resulting from urbaniza-
tion, particularly in watersheds with low-to-moderate levels
of impervious surface where the landscape stressor may not
be sufficient to obscure the variability of natural watershed
and channel attributes.

A growing body of evidence highlights heterogeneity in
the ecological responses of streams to urbanization. The se-
verity of chemical (Beaulieu et al. 2012), biological (Bryant
and Carlisle 2012), and hydrogeomorphic (Fitzpatrick and
Peppler 2010, Hopkins et al. 2015) changes in urban stream
ecosystems vary among metropolitan areas, perhaps re-
flecting heterogeneity of the physiographic templates where
these cities are located. Differences also are observed among
urban streams within a single physiographic area. For in-
stance, Snyder et al. (2003) observed distinctly greater losses
in fish diversity in relatively high-gradient urban streams of
the North American Ridge and Valley physiographic re-
gion relative to their lower-gradient counterparts. Burns
et al. (2005) highlighted how large areas of natural ripar-
ian wetlands within a region could substantially buffer the
hydrologic effect of urban development. Utz and Hilder-
brand (2011) demonstrated disparate geomorphic patterns
among urban streams in 2 adjacent physiographic regions.
Changes to channel structure and sediment regime of ur-
banized streams were reduced in lowland Coastal Plain wa-
tersheds compared to in similarly urbanized streams in the
upland Piedmont province. King et al. (2016) found that
organisms were more sensitive to impervious surface cover
in semipermanent than in perennial streams.

The observed heterogeneity of responses to urbaniza-
tion collectively suggest that certain watershed and chan-
nel attributes (hydrologic, biological, and geological) in the
pre-urban state might consistently influence the degree of
physicochemical and ecological degradation in urbanizing
streams. The concept that the pre-urbanized physicochem-
ical template of an ecosystem might influence the extent
to which streams are altered by urbanization fits within a
framework of ecological resistance and resilience (Grimm
and Wissel 1997). Ecological resistance is defined as the
degree to which an ecosystem withstands changes to func-
tion and structure despite effects induced by a persistent
(press) disturbance, whereas ecological resilience refers to
the ability of an ecosystem to return to a reference state
after a severe but temporally limited disturbance (Grimm
and Wissel 1997). Urbanization is a permanent and perva-
sive driver of stress in streams under most circumstances,
so we consider natural landscape attributes that buffer
streams from urban stressors to be agents that provide re-
sistance, rather than resilience, to degradation (Fig. 1A).
System properties also may reduce the potential of urban-

ization to degrade stream ecosystems if they already exist
in a state that resembles an urban stream because of nat-
ural or anthropogenic influences (hereafter, a legacy at-
tribute), which may pre-adapt biota to urban conditions
(Fig. 1B). The concept of legacy attributes might not fit
consistently within an ecological resistance framework, but
we consider any attribute that buffers streams from envi-
ronmental change to be conferring a desired effect and, at
least as we have defined the term above, qualified as con-
ferring ecological resistance.

We present 6 hypotheses constructed based on a frame-
work that incorporates natural (hypotheses 1–5) or legacy
(hypothesis 6) attributes when considering how an ecosys-
tem service might degrade in response to low-to-moderate
degrees of urbanization. The framework (Fig. 2, Table 1)
expands upon traditional frameworks by integrating nat-
ural or legacy heterogeneity that may confer ecological re-
sistance to urbanization with the extent and configuration
of urban infrastructure. We include abiotic stream eco-
system services in our resistance examples for 2 reasons:

Figure 1. A conceptual depiction of how variation in the nat-
ural environmental attributes can protect streams from urbani-
zation via resistance created by the ability of natural landscape
factors to buffer changes in attribute A associated with urbaniza-
tion (hypotheses 1, 2, 4, 5) (A) or by pre-adaptation associated
with previous exposure to natural or anthropogenic influences
resembling conditions in urban streams (hypotheses 3, 6) (B).
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1) abiotic attributes, such as flood mitigation capacity and
channel stability, are highly valuable ecosystem services
provided by streams (Daily 1997, Brauman et al. 2007) and
2) physicochemical degradation in urban stream ecosys-
tems directly affects biotic components. Thus, natural or
legacy attributes that confer resistance to abiotic stressors
(such as retention of a natural flow regime despite urbani-
zation) also could preserve existing biological resources.
Urban land cover presents many simultaneous stressors to
aquatic organisms (chemical, physical, and thermal) at mul-
tiple spatiotemporal scales. Therefore, identifying ecosystem
attributes that introduce variability in how physicochemical
properties respond to urbanization is necessary when ex-
ploring disparate biological patterns among urban streams
(i.e., Chadwick et al. 2012, Kollaus et al. 2014).

Our hypotheses are based on evidence observed at mul-
tiple spatial scales, offer some degree of mechanistic ratio-
nale, and posit conceptual lines of inquiry that might prove
worthy of further investigation. We limit in-depth treat-
ment of the following hypothesis-based discussion to po-
tential influences of natural or legacy attributes for the
sake of brevity and focus. The attributes we discuss also

could affect how urban infrastructure grows within a wa-
tershed, thereby creating an interactive effect between ur-
ban and pre-urban environmental attributes. Addressing
each hypothesis will require careful consideration of urban
infrastructure attributes that vary among metropolitan re-
gions and those that covary with the natural environmen-
tal factors of interest. We think that overcoming such
challenges may lead to insights applicable to urban stream
monitoring and management. We hope our examples serve
as inspiration for further consideration of how the pre-
urban environmental setting may affect stream ecosystems.

Hypothesis 1: Watershed storage capacity influences
resistance to hydrologic regime changes caused
by urbanization

Urban impervious area seals soil surfaces, reduces infil-
tration and recharge, and rapidly delivers runoff directly
to stream channels (Arnold and Gibbons 1996). As a re-
sult of increased hydraulic efficiency and connectivity, ur-
ban streams typically exhibit flow regime changes including
elevated magnitude and frequency high flows, increased

Figure 2. Structural framework to assess how pre-urban-development watershed and channel attributes may confer ecological
resistance to degradation in urbanizing streams. Pathways are shown for the ecological-resistance and the traditional frameworks. The
traditional framework primarily considers the intensity and configuration of urbanization when assessing or predicting ecological
impact. The uppermost 4 boxes are bolded because these reflect the novel attributes of our updated framework.
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rise and fall of storm hydrographs, and reduced lag times
to peak flows (Shuster et al. 2005, Walsh et al. 2005). The
volume of surface runoff and the speed at which it moves
through a watershed also is influenced by physical factors
that pertain to intrinsic watershed storage capacity, in-
cluding topographic relief, geologic materials, and surface-
water impoundments (Sayama et al. 2011). In undevel-
oped watersheds, such physical attributes can promote
infiltration and suppress overland flow. In watersheds with
greater water storage capacity, whether surface (in lakes
or wetlands) or subsurface (via infiltration), we hypothe-
size that these attributes may impart resistance to the
hydrologic changes common in urban watersheds. Such
storage potential could limit the extent of flow magni-
tude during events by: 1) infiltration and temporary stor-
age of water in porous riparian sediments during spates,
and 2) limiting the extent to which nonpiped hydrologic
linkages between impervious surfaces and channels, such
as 0-order swales, deliver water.

Resistance to flow alteration in urbanizing streams would
be highest in watersheds with greater ability to promote
infiltration and to provide greater surface-water storage.
Broad differences in hydrologic responses to urbanization
among metropolitan areas correspond to systematic differ-
ences in natural water storage capacity or stormwater man-
agement. Urban streams in metropolitan areas in regions
with extensive deposits of thick, permeable ice-sheet-derived
sediments tend to express fewer high-flow events than ur-
ban streams in nonglaciated landscapes (Hopkins et al. 2015;
Fig. 3). Hydrologic responses to moderate urbanization in
low-gradient streams of theCoastal Plain physiographic prov-
ince, with unconsolidated sediments, are muted relative to
responses of higher-gradient, shallow bedrock streams of the
Piedmont in the Mid-Atlantic Ecoregion (USA) (Utz et al.
2011). Walsh et al. (2012) andWalsh andWebb (2014) docu-
mented streams that retain elements of their natural flow
regime even with substantial watershed urbanization as long
as their watersheds lack conventional stormwater drainage
networks and, instead, have informal drainage of impervi-
ous surfaces to pervious areas that allow more retention
and infiltration of stormwater.

Comparisons within a single physiographic setting also
highlight the potential for water storage capacity to influ-
ence urban degradation. Janke et al. (2014) suggested that
extensive surface-water connections to lakes and ponds slow
the movement of stormflow through their urban study wa-
tersheds in St Paul, Minnesota (USA), where watersheds
with greater surface-water connections to lakes had longer
runoff peaks with flatter hydrographs compared to sim-
ilarly developed watersheds with fewer connections to lakes,
indicating that water storage and release in lakes can de-
lay flow response to storm events in urban watersheds
(Fig. 4A). Data published by Booth et al. (2004), who com-
pared the hydrologic attributes of 3 urbanized streams
with similar (open roadside ditches, piped drainage) urban

stormwater management, showed the interplay of water-
shed imperviousness and natural wetland- and groundwater-
dominated runoff patterns in western Washington (USA)
(Fig. 4B). The Jenkins Creek watershed drains highly infil-
trative, gravel-rich lands that provided a primary path for
glacial meltwater during the retreat of the last ice sheet.
The glacial legacy resulted in a very low-gradient channel
(slope = 0.007), highly permeable soils, and discharge-
attenuating lakes and wetlands covering 13% of the water-
shed (Mullineaux 1970). Despite a moderate (13% total im-
pervious area [TIA]) degree of urbanization, the hydrograph
of Jenkins Creek is quite subdued in comparison to that of
the highly developed Miller Creek (50% TIA) and to that
of Bear Creek, whose watershed has only 7% TIA but has
neither an equally extensive a set of wetlands nor highly in-
filtrative soils. Infiltrative soils and extensive wetlands prob-
ably provide greater water storage capacity in Jenkins Creek,
thereby imparting resistance to hydrologic changes via sup-
pression of overland flow and discharge attenuation.

Building upon these examples, we hypothesized that
resistance to flow alteration in urbanizing streams would
be highest in watersheds with greater water storage capac-
ity. We recognized that differences in climate and drainage
infrastructure may confound the expression of water stor-
age capacity in urban hydrographs (Brown et al. 2009a,
Booth et al. 2016). Despite these complications, the grow-
ing interest and investment in urban stormwater manage-
ment and stream restoration projects that increase infil-

Figure 3. Mean high-flow event frequency along a gradient
of road density in metropolitan areas with differing sediment
regimes with respect to glacial history (data from Hopkins et al.
2015).
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tration and water storage make addressing this hypothesis
particularly worthwhile. Increasing water storage capacity
through artificial structures is a common approach to ur-
ban stream mitigation and can be partly successful at re-
ducing runoff contributions at the small-watershed scale
(e.g., Booth and Jackson 1997, Davis et al. 2009, Fletcher

et al. 2014). Preserving existing storage features and attri-
butes within a developing watershed and preferentially locat-
ing developments to make use of existing storage capacity
could be a logical management implication related to this
hypothesis.

Hypothesis 2: Coarse substrates and settings with
greater balance between erosive forces and sediment
supply convey morphological resistance to urban
stream channels

The disturbance regime of streambed material and the
relative stability of benthic habitats are ecosystem attributes
that influence geomorphic dynamics of stream channels and
the biological communities that reside in them (Poff 1992,
Holomuzki and Biggs 2000, Wohl et al. 2015). Such geo-
morphic traits vary naturally among hydrogeomorphic set-
tings. For example, cobble-dominated snowmelt streams
tend to have seasonally predictable periods of bed-material
mobility (Poff et al. 1997), whereas flashy sand-dominated
streams tend to have more erratic disturbance regimes with
relatively prolonged periods of channel evolution and in-
stability (Schumm et al. 1984).

Increased geomorphic instability has been documented
in urban streams across multiple hydroclimatic settings
(Booth 1990, Bledsoe and Watson 2001, Leopold et al. 2005),
but channel responses to urbanization are not universal in
magnitude or trajectory (Chin 2006, Fitzpatrick and Pep-
pler 2010). Some urban channels incise and have initially
smaller width-to-depth ratios (W/D; Park 1977, Simon and
Rinaldi 2000, Vietz et al. 2014), whereas others aggrade
and develop larger W/D ratios (Chin and Gregory 2001,
Hawley et al. 2012). Magnitude of channel enlargement also
varies, with enlargement ratios (post-urban-development
cross-sectional area relative to pre-urban-development cross-
sectional area) of 2 to 8 in humid temperate urban streams
(Hammer 1972, Chin 2006), up to 14 in southern Califor-
nia (USA) (Hawley and Bledsoe 2013), and reduced ratios
in Nigeria (Odemerho 1992). We hypothesize that the dis-
parate urban channel responses to changes in flow may be
attributable to: 1) relative channel resistance expressed as
a function of bed-material grain size, and 2) differences in
the relative balance between sediment supply and erosive
forces. We anchor the concepts on Lane’s (1955) balance
that assumes that streams trend toward an equilibrium:

SQ∝ d50Qs; (Eq. 1)

where the dominant elements of erosive force, channel
slope (S) and flow (Q), are proportional to the dominant
resistive properties of an alluvial channel, the median bed
material grain size (d50) and sediment supply (Qs). Urban-
ization can move all 4 components of the Lane framework
away from equilibrium, which helps explain why channel
instability is a nearly universal symptom of urban streams.
For example, urbanization increases the erosive potential

Figure 4. Intraregional heterogeneity in responses to precipi-
tation events among urban watersheds. A.—A watershed with
greater pond density (PD; n/km2) in the St Paul, Minnesota
(USA) metropolitan region exhibits a muted response to rainfall
relative to nearby watersheds with comparable road densities
(RD; km/km2); data are from Janke et al. (2014). B.—Percent
wetland cover (%WL) is correlated with attenuation of hydrologic
responses across watersheds in the greater Seattle, Washington
(USA) metropolitan area, despite differing levels of watershed-
scale total impervious area (%TIA). The watershed sizes for Bear,
Miller, and Jenkins Creeks are 36.3, 18.9, and 42.6 km2, respectively.
Dates are formatted dd/mm and data are from Booth et al. (2004).
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of the hydrologic network (Q+) by increasing the magni-
tude, frequency, and duration of erosive events (e.g., Mac-
Rae and Rowney 1992, Konrad and Booth 2002, Hawley
and Bledsoe 2011). The enhanced water transport effi-
ciency of urban drainage networks, including reduced hy-
draulic roughness and increased slope (S+), may also elevate
erosion potential (ASCE and WEF 1992). Urbanization can
also change sediment supply (Qs

−/+) and can lead to fining
or coarsening of bed material sediment (d50

−/+), with the
effect varying with the age of the urban infrastructure, ex-
tent of effective erosion control practices during construc-
tion phases (Wolman 1967, Pizzuto et al. 2000, Hawley
et al. 2013), and geologic setting.

Our hypothesis posits that the natural attributes related
to the resistive components within the Lane framework (d50
and the balance between Q and Qs) influences the resis-
tance to channel evolution, or lack thereof, in urban set-
tings. First, we suggest that geomorphic resistance can be
primarily expressed as bed-material resistance to mobili-
zation as expressed by d50. The altered flow regimes in
urban catchments (see hypothesis 1) cannot induce com-
mon incision-driven channel-evolution trajectories (e.g.,
Schumm et al. 1984, Simon 1989) without first exceeding
flow thresholds necessary for particle mobility. For exam-
ple, in a boulder canyon where the flow threshold for bed-
material mobility is on the order of the 100-y flow (200–
1000% of the 2-y flow; Booth et al. 2016), urbanization
may not induce the same scale of geomorphic effect as
in a sand- or gravel-dominated stream where sediment-
moving flow thresholds are several orders of magnitude
more frequent (e.g., ∼0.01–1% of the 2-y flow; Hawley
and Vietz 2016). Thus, the magnitude of urban channel
instability (expressed by the channel enlargement ratio)
should be greater in settings with relatively finer bed mate-
rial (Fig. 5).

Second, we propose that channel structure will change
less in urbanizing streams with a balance between trans-
port capacity (= flow; Q) and Qs, but change in different ways
where Q or Qs is more dominant. For example, streams in
semi-arid southern California carry naturally high Qs but
exhibit a large increase in channel size when their water-
sheds are urbanized, especially in unconfined valleys (e.g.,
Jordan et al. 2010, Hawley et al. 2012). Here, naturally high
sediment loads are exceeded by greater changes in the mag-
nitude and duration of erosive flows (Hawley and Bledsoe
2011) coupled with sediment discontinuities created by ur-
ban infrastructure (Chin and Gregory 2001) and reduced sup-
plies of coarse sediment (e.g., Gurnell et al. 2007, Bledsoe
et al. 2012). At smaller scales, stream reaches with bank-
derived sources of bed sediment are more resistant than
reaches from similar settings that lack autochthonous coarse-
grained sediment sources (Vietz et al. 2014), results sug-
gesting that local sources of sediment are helping to main-
tain the balance between Qs and Q. Alternatively, streams
in extremely low-energy settings with very little ability to

transport supplied sediment may be more susceptible to
aggradation and channel reductions, particularly during the
initial construction phase of urbanization when fine sedi-
ment loads can increase by factors of 10 to 100 (Wolman
1967), which could explain the urban channel infilling ob-
served in Nigeria (Ebisemiju 1989). These 3 examples show
that the relative balance between Qs and Q is nuanced and
warrants detailed mechanistic explorations.

Hypothesis 3: Naturally high ionic concentrations and
pH convey water-quality and potential biotic resistance
in urban streams

Urbanization severely alters stream chemical regimes
in well-documented ways (Herlihy et al. 1998, Paul and
Meyer 2001). In classic conceptual models, total dissolved
solids (i.e., salinity), specific conductivity, and pH increase
relative to pre-urban conditions (Prowse 1987, Paul and
Meyer 2001, Walsh et al. 2005). However, ambient total
dissolved solids, conductivity, and alkalinity vary naturally
among watersheds as a consequence of regional variation
in bedrock, differential weathering, evaporative demand,
atmospheric inputs, and varying water contact time with
bedrock (Williams 1987, Olson and Hawkins 2012, Casey
et al. 2013, Griffith 2014). For example, reference conduc-
tance levels are generally lower and dominated by differ-
ent ions in eastern and northwestern ecoregions than in
central and southwestern ecoregions in the USA (Griffith
2014). Stream chemistry can vary notably within regions,
even among sites with minimal landuse disturbance (Olsen

Figure 5. Channel enlargement as a function of impervious
surface cover in the finer, less resistant systems of southern
California, USA (n = 66, median particle diameter = 3.8 mm; data
from Hawley and Bledsoe 2013) compared to the coarser, more
resistant systems of northern Kentucky, USA, (n = 88, median
particle diameter = 55 mm; data from Hawley et al. 2013).
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and Hawkins 2012). A key insight is that natural variation
does not simply distinguish waters with high and low con-
centrations—variation may include differences in major
ions that contribute to conductance as well as temporal
variation in concentrations associated with distinct water
sourcing and transport pathways.

As urbanization proceeds, dissolved ion concentra-
tions may increase periodically from diffuse sources (e.g.,
land disturbance, fertilizer, building materials, or deicers;
Prowse 1987, Wright et al. 2011, Corsi et al. 2015) or chron-
ically from point sources (e.g., sanitary sewers, treated waste
water, industrial effluent; Paul and Meyer 2001, Piscart
et al. 2005). Symptoms of the former tend to occur under
low-to-moderate forms of urbanization and mirror the shift
toward circumneutral to alkaline pH, whereas those of the
latter emerge with greater population density (Tu et al.
2007, Kaushal and Belt 2012). Here, we focus on resistance
to chemical changes that occur under low-to-moderate
forms of urbanization. We distinguish chemical resistance
(the ability to maintain chemical integrity despite low-to-
moderate levels of urbanization) from biotic resistance to
altered chemistry (the ability to maintain pre-urban com-
munity composition and structure in the face of chemical
changes).

We hypothesize that streams with naturally high or var-
iable ionic concentrations will be more resistant to chemical
changes caused by urbanization than those with naturally
low and relatively stable ionic concentrations. Similarly,
streams with pre-urban ionic compositions that approxi-
mate or mirror the ions in moderate urban landscapes
should be more resistant than those with markedly differ-
ent compositions because water delivered by urban chan-
nels may already chemically resemble typical conditions.
Moreover, natural waters whose pH or conductivity dif-
fers strongly from urban sources will be more susceptible
to transformation. For chemical resistance, high natural
ionic concentrations typically indicate prolonged exposure
of stream water to bedrock or evaporation (Olson and Haw-
kins 2012, Griffith 2014). These systems may resist urbaniza-
tion because reduced infiltration and accelerated runoff
from urbanizing lands (Walsh and Kunapo 2009, Kaushal
and Belt 2012, Jones et al. 2014) limits detention storage
(see hypothesis 1), exposure to bedrock, or reduces head
pressure on ion-rich aquifers. Such dilution may initially
offset ionic increases associated with urban pollution (e.g.,
Walsh et al. 2001).

We also hypothesize that biota in streams with natu-
rally high or variable ionic concentrations or high pH will
be more resistant to urbanization than those in streams
with naturally stable ionic concentrations or low pH. Bi-
otic resistance is imparted by a system’s chemical resistance
or by physiological mechanisms for coping with steep ionic
gradients (Evans 2008). In systems where natural chemical
regimes have not pre-adapted biota to urban-induced changes
in water chemistry, organisms must emigrate (e.g., inver-

tebrate drift) to maintain homeostasis or endure increased
osmoregulatory energy demands and risk death (Bradley
2009). Like Hobbs et al. (2006) and King and Baker (2010),
we expect that sharp community changes will be more
likely when urbanizing conditions depart radically from
pre-urban regimes, even among resistant communities. The
importance of chemical vs biotic resistance is likely to differ
depending on the magnitude and stability of natural con-
ductance. For instance, in regions with naturally high but
stable conductivity, chemical resistance is likely to dominate
because urbanization at low levels probably will dilute back-
ground sources. Conversely, in regions with spatially or tem-
porally variable conductivity, biotic resistance should be more
common because the organisms have been exposed to ele-
vated ionic concentrations at various points in their life
cycle or evolutionary history.

From a chemical standpoint, several observations lend
support to our hypotheses. For example, Dow and Zam-
pella (2000) and Conway (2007) showed that naturally di-
lute and acidic streams exhibited clear chemical responses
to low levels of impervious cover (e.g., <4%). Long-term
records of conductivity in Maryland’s Piedmont reveal sub-
stantial differences in response to low and moderate lev-
els of urbanization depending on local geologic variation
(Fig. 6). Similarly, Brown et al. (2009a) showed that urban
areas in naturally low-conductivity regions (away from
heavy use of road salt) showed strong positive correlations
between urbanization and specific conductivity (e.g., At-
lanta, Georgia, and Raleigh, North Carolina), whereas ur-
ban areas in high-conductivity regions (e.g., Denver, Col-
orado, and Dallas, Texas) did not. Global comparisons
indicate that regional differences in background salinity
influence species sensitivity distributions (Kefford et al.
2012), but limited evidence of biotic resistance to urban
chemistry has been found, possibly because few compari-
sons have been made at low levels of urbanization and be-
cause data often are confounded by biophysical covari-
ates across longer urbanization gradients (e.g., Walsh et al.
2001, King et al. 2005). Nonetheless, indirect evidence con-
sistent with our hypothesis comes from comparisons of
urbanization gradients across regional and national scales.
King et al. (2011) showed differences in distributions of
taxa sensitivity along gradients of impervious surface among
regions ranked according to background conductivity (Grif-
fith 2014). Across the conterminous USA, negative relation-
ships between urbanization and invertebrate species rich-
ness were stronger for streams in regions with low than
with high background conductivity (Brown et al. 2009a,
Cuffney et al. 2010). With the growing salinization of global
freshwater (Cañedo-Argüelles et al. 2013), such patterns
suggest that chemical heterogeneity can be an important
consideration when interpreting biological responses along
urbanization gradients, particularly as stormwater mitiga-
tion techniques increasingly decouple hydrologic and chem-
ical responses to urban development (Loperfido et al. 2014).
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Hypothesis 4: Greater metapopulation connectivity
confers biological resistance to urbanization in streams

The potentially strong influence of organism dispersal
on composition of local communities is well established
(MacArthur and Wilson 1967, Brown and Kodric-Brown
1977, Hanski and Gilpin 1991), including in streams (Palmer
et al. 1996, Grant et al. 2010, Brown et al. 2011). How-
ever, dispersal potential in stream communities varies with
faunal mobility and proximity to source populations. Col-
onists from large adjacent channels can enhance local spe-
cies richness of fishes in tributary streams. As a result, di-
versity in similarly sized tributaries may differ depending
on fluvial distance from larger streams (Osborne and Wiley
1992, Hitt and Angermeier 2011). Stream macroinverte-

brate communities may likewise be variably influenced by
dispersal depending on location within stream networks
(Brown and Swan 2010). Dispersal also is expected to be
more influential in streams that experience more frequent
and intense disturbances (Palmer et al. 1996), including
anthropogenic disturbances. For example, macroinverte-
brate drift from undisturbed headwaters may maintain
sensitive taxa in streams affected by coal mining and val-
ley fill (Pond et al. 2014). Therefore, we hypothesize that
dispersal is a primary mechanism for maintaining some
degree of biodiversity in urban systems where it persists.
Native species richness commonly declines as streams be-
come more urban, but to varying degrees (Brown et al.
2009a, Bryant and Carlisle 2012). Such variability may be
partly attributable to differences in organism dispersal
among populations. In particular, native species may be
more likely to persist in urban streams when traits that
promote mobility are common and when streams retain
connections to potential source habitats.

Several studies suggest or provide direct evidence that
metapopulation connectivity influences biological characteris-
tics of urban streams. Adult dispersal from adjacent, rural
headwaters may support stream insect populations in ur-
ban headwater streams (Urban et al. 2006, Smith et al. 2009,
2016) though upstream connection to forested tributaries
may not be sufficient to mitigate effects of urban hydro-
logic changes (Violin et al. 2011). Most fishes lack capabil-
ities for overland movement. Thus, populations are partic-
ularly vulnerable to culverts, dams, and other barriers that
impede dispersal. Brown et al. (2009b) cite stream frag-
mentation by numerous reservoirs and resulting low po-
tential for stream fish dispersal as a reason that fish com-
munity metrics were related only weakly to local urban
intensity in one metropolitan area. In contrast, high faunal
mobility can have the opposite effect of allowing species
to persist despite intense urban development. For exam-
ple, platypus (Ornithorhynchus anatinus) persistence in
urbanized streams has been associated with movements
from neighboring stream sites less affected by stormwater
runoff (Martin et al. 2014). Native, diadromous stream
fishes also show high persistence in Puerto Rican urban
streams as long as streams remain connected by barrier-
free channels to estuaries (Ramírez et al. 2009). However,
sensitive stream insect taxa not dependent on estuarine
environments to disperse are similar between urban streams
in Puerto Rico and continental analogs (de Jesus-Crespo
and Ramírez 2011).

Persistence of native stream biota in urban streams that
maintain connectivity to source habitats carries manage-
ment restoration implications. Faunal resistance to urbani-
zation could be enhanced by retaining undisturbed landscape
and riparian corridors that promote aerial dispersal by
stream insects (Urban et al. 2006), by limiting stream sys-
tem fragmentation (e.g., by replacing roadway culverts with

Figure 6. Intensity duration (exceedance probability) curves
representing a time-series (1986–2014) of monthly specific
conductivity from 20 watersheds in the Maryland Piedmont,
USA (chemical data from Maryland Department of Natural
Resources core/trend monitoring program; annual impervious
cover maps from Sexton et al. 2013). Solid lines represent
watersheds in Precambrian schist, quartzite, and gneiss (Geo1;
13 watersheds), whereas dashed lines represent watersheds that
include substantial fractions of marble, shale, and dolomite
(Geo2; 7 watersheds). In Geo1, increases from low to medium
(med) % impervious cover are associated with increased conduc-
tivity across all exceedance frequencies so that previously rare
high conductivities have become common, whereas high % imper-
viousness is more closely associated with increases in low-
exceedance-frequency pulses (predominantly winter storms).
Geo2 watersheds have elevated conductivity, even at low % imper-
vious cover, and small increases in low-to-medium-frequency
exceedance events associated with moderate % imperviousness are
associated with interannual droughts. Reference conductivity
for the region ranges from 80 to 120 μS/cm (Griffith 2014).
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bridges), and by maintaining barrier-free connections to
nearby undeveloped habitats. Local restoration actions in-
tended to improve ecological condition in urban streams
may fail if barriers to organism dispersal prevent coloniza-
tion of restored habitats (Bond and Lake 2003). The costs
and benefits of enhanced connectivity may require case-
specific analysis, particularly where isolation by barriers pro-
tects populations and habitats from invading non-native
species. In addition, if many urban stream taxa are main-
tained by dispersal from less disturbed areas, biological as-
sessments based on species occurrences in those streams
may fail to reflect actual urbanization effects on organism
survival and reproduction (Hitt and Angermeier 2011, Mar-
tin et al. 2014). Nonetheless, urban streams could be popu-
lation sinks for species maintained by periodic immigra-
tion, but those species could still influence and contribute
to local ecosystem function and services.

We suggest that measures of connectivity relative to
faunal mobility should provide additional power for explain-
ing and predicting variation in biological status of urban
streams (Smith et al. 2015). Do urban areas situated in
downstream portions of dendritic systems, where connec-
tivity is higher than in headwater locations (Fagan 2002),
support a greater proportion of native species? Does closer
proximity to streams supporting intact native communities
increase biotic integrity of urban streams? Are highly mo-
bile fauna, such as diadromous species and long-distance
dispersers, consistently more persistent in urban streams
than less vagile species? Tests of these ideas using interre-
gional data sets should improve our understanding of how
connectivity enhances ecological resistance to urbanization.

Hypothesis 5: High functional redundancy buffers the
trophic function of urban streams from species loss

In species-rich systems, multiple species often have sim-
ilar trophic roles (Peterson et al. 1998, Hooper et al. 2005).
The overlap of species function is called functional redun-
dancy, an attribute considered important because it enables
streams to maintain trophic function (i.e., nutrient process-
ing) in the face of species loss (Hooper et al. 2005). The
number of species varies broadly across streams among
and within regions, so we expect functional redundancy to
vary likewise. For example, Mediterranean streams sup-
port greater macroinvertebrate diversity than temperate
streams in Europe (Bonada et al. 2007), temperate streams
support more shredders than tropical streams (Boyero et al.
2011, but see Cheshire et al. 2005), and arid streams sup-
port a depauperate macroinvertebrate assemblage (Gray
1981).

The urbanization of streams can affect functional redun-
dancy through species loss. Many urban streams lose >40%
of their macroinvertebrate species (Brown et al. 2005,
Walsh et al. 2005) and considerable evidence exists that

this magnitude of species loss can have a marked impact
on trophic function (Hooper et al. 2012). For this reason,
streams with naturally high functional redundancy in a pre-
urban state should demonstrate greater resistance than
streams with low functional redundancy to changes in
trophic function associated with species loss. Under this
hypothesis, resistance arises because assemblages that nat-
urally contain many functionally equivalent species will re-
tain function posturbanization because the remaining ∼60%
of macroinvertebrate taxa will be able to fill all functional
roles. Populations of tolerant species that remain could
increase and compensate for the loss of sensitive species,
per the insurance hypothesis (Elmqvist et al. 2003, Balva-
nera et al. 2006). Under such circumstances, trophic func-
tion will change relatively little (Fig. 7).

Few studies conducted in an urban setting suitably
address this hypothesis. One exception is the experimental
work by Wang et al. (2014), who found that a diverse non-
urban microbial community maintained denitrification po-
tential in the face of multiple urban stressors (heavy metals,
temperature, and elevated salt concentrations), whereas a
less diverse urban community did not. Extrapolated to
pre-urban streams, which naturally vary drastically in mi-
crobial community composition (Hahn 2006), the poten-
tial for variable denitrifying ability in posturban settings
after a proportion loss of biodiversity is substantial. Most
other pertinent studies related to leaf-litter breakdown
typically were correlative and conducted within a single
system (urban to nonurban gradient) and did not assess
the functional redundancy of the biotic assemblage. As a
consequence, the inference that can be gained from such
studies is limited. Nevertheless, positive relationships be-
tween leaf-litter breakdown and macroinvertebrate spe-
cies richness or shredder abundance are reported often in
urban streams (see Chadwick et al. 2006, Cook and Hoel-
lein 2016, but see Imberger et al. 2008) suggesting that
species–trophic-function relationships warrant the atten-
tion of urban stream researchers.

Addressing this hypothesis will depend on the outcomes
of related lines of research. The hypothesis is contingent on
the assumption that urbanization reduces the functional re-
dundancy of freshwater assemblages, so clear quantification
of this relationship is an obvious starting point. Such in-
vestigations could follow the approach taken by Laliberté
et al. (2010), who assessed the functional redundancy of
plants along a gradient of increasing landuse intensification.
The disparate levels of biodiversity loss observed within
(Snyder et al. 2003, King et al. 2005, Smith and Lamp
2008) and among regions (Utz et al. 2009, 2010, Cuffney
et al. 2010) suggest that ecological function among simi-
larly urbanized ecosystems may vary to a comparable degree.
We encourage field studies assessing functional re-dundancy
and trophic function (primary productivity, leaf-litter break-
down, N uptake) across urban gradients and controlled
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laboratory studies of real-world urban macroinvertebrate
or microbial assemblages.

Several ecological and management implications exist if
this hypothesis is supported. Urban streams will benefit
from management strategies that retain or enhance biodi-
versity (Dolédec and Bonada 2013). Certain urban stream
functions may be improved by the presence of tolerant
nonnative species if they fill currently unoccupied ecolog-
ical niches. Last, management to protect species will be par-
ticularly important in metropolitan areas that have naturally
depauperate assemblages. Work pertaining to how urban-
induced species loss alters the structure of stream food webs
and the ability of urban streams to process nutrients and
energy (Cardinale et al. 2006, Hooper et al. 2012) would in-
form this hypothetical assertion.

Hypothesis 6: Historic land use may mute or distort
effects of urban expansion on nutrient enrichment

Urban expansion typically elevates nutrient concentra-
tions in ground water and storm runoff because treated
wastewater, sewage leaks, and fertilized lawns deliver ex-
cess N and P to stream ecosystems. This increase can lead
to eutrophication of receiving aquatic ecosystems (Hatt
et al. 2004, Brett et al. 2005, Kaushal et al. 2008). How-
ever, urbanization rarely takes place in undisturbed land
that supports pristine streams. Rather, an expanding ur-
ban center typically replaces human-centered land use, such

as agriculture or secondary forest (del Mar López et al.
2001, Drummond and Loveland 2010). The nutrient con-
centrations of such streams are likely to be elevated al-
ready (Lenat and Crawford 1994, Coulter et al. 2004, Mor-
gan and Kline 2011), which may mute or distort nutrient
enrichment associated with urbanization.

Resistance to nutrient enrichment in urbanizing streams
should occur when: 1) legacy effects of land use, such as
excessive fertilization that results in decadal-scale persis-
tence of groundwater contamination (Tomer and Burkart
2003), already have elevated nutrient stores substantially,
or 2) nutrient export from urban land is minimized by best
practices or preventative urban infrastructure, such that nu-
trient export is equal to or lower than that resulting from
other anthropogenic land uses. These situations are likely to
arise when urbanization encroaches on agricultural land
or replaces secondary-growth forest, if the legacy effect of
prior land use (i.e., agriculture) is strong (Harding et al. 1998,
Foster et al. 2003). Thus, our final hypothesis posits that
landuse legacies have the potential to distort the expected
elevation in nutrient concentrations predicted by the ur-
ban stream syndrome model.

Several observational studies lend support to the hy-
pothesis outlined above. For example, in a study of ef-
fects of current and past land use on Maryland (USA)
streams, Maloney and Weller (2011) used structural equa-
tion modeling to show that agricultural land use was a
better predictor of elevated NO3

− concentrations than ur-

Figure 7. Theoretical illustration of the implications of the loss of functional redundancy associated with species loss for trophic
function in urbanizing streams. Each black bar represents niche space occupied by a species. The side graphs represent trophic
function in each system. A.—Little change in trophic function with 50% species loss because all ecological functions (represented by
the dimensions of the black bars) are still being performed. B.—Decline in trophic function with 50% species loss because some
functions are now lost.
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ban development. Furthermore, contemporary urban de-
velopment was not strongly related to elevated stream
NO3

− concentrations on parcels of land that were primar-
ily forested in 1952, perhaps because contemporary low-
impact development was effective at preventing nutrient
export. In the Toronto metropolitan region (Canada), where
salt is used to deice roads, a long-term decline in stream
P concentrations was correlated with rising Cl−, suggest-
ing that the transition from agricultural to urban land use
reduced P loading (Raney and Eimers 2014). In the Phoe-
nix metropolitan region (USA), soil C, N, and organic
matter were >2× greater in residential lawns built on for-
mer agricultural land compared to lawns built on native
desert scrubland (Lewis et al. 2014). Such patterns pre-
sumably result in greater nutrient loads in urban streams
with agricultural legacies relative to those located in for-
merly natural habitat.

Given the limited number of studies addressing the role
of legacy effects and the long period over which they oper-
ate (decades to centuries), research in this field has the
potential to make a substantial contribution to urban stream
ecology. Future research could extend the hypothesis pre-
sented here to other ecosystem attributes, such as biotic
assemblages (Brown et al. 2009a, Maloney and Weller 2011),
and should ensure that the hypothesis encompasses legacy
effects beyond agriculture. For example, clear cutting has
legacy effects on stream dissolved organic C that exceed
30 y (Yamashita et al. 2011). Challenges facing investi-
gators interested in this line of research will be acquisition
of the historical data essential to accurate quantification
of past land use and the difficulty of uncoupling legacy
effects from the cumulative effects of multiple land-cover
conversions. To overcome such challenges, Bain et al.
(2012) suggest separating legacy effects arising from lags
in transport associated with slow flow-paths, such as ground-
water, from those arising from rearrangement of physical
systems within the landscape that alter material interac-
tions, i.e., limitation of the colonization of aquatic or semi-
aquatic species by fragmentation of remnant vegetation or
refuge pools.

DISCUSSION
Growing awareness of the heterogeneous nature of

urbanized systems is an emerging theme in urban stream
ecology (Booth et al. 2016, Parr et al. 2016). Our concep-
tual framework (Fig. 2) provides a starting point to begin
incorporating the role of pre-urban environmental attri-
butes into assessments of the cascading effects of factors
that contribute to the observed heterogeneity. Concepts
listed in Table 1 identify some potential natural or legacy
factors influencing the degree of physicochemical and
ecological resistance to degradation in urbanizing streams.
Five of our hypotheses posit that the natural attributes
related to high water-storage capacity, balanced sediment

regime and supply, high ionic concentrations, metapop-
ulation connectivity, and high functional redundancy of
species could potentially attenuate urban effects on stream
hydrology, channel dynamics, water chemistry, species per-
sistence, and trophic function to some degree. In addition,
historical land use can be a modifier of responses that can
distort expected trajectories in urbanizing streams. An argu-
ment could be made that certain concepts presented in Ta-
ble 1 do not convey true ecological resistance because they
simply represent conditions that resemble urban streams
prior to urban development, but we think that, no matter
what their label, all such factors potentially contribute to
how an ecosystem will respond to urbanization and, there-
fore, are worth considering when assessing or predicting
impact. We hope that our hypotheses will be used by oth-
ers to explore natural variability in catchment attributes and
their links to the heterogeneity in ecological, physical, and
hydrological responses to urbanization.

Our list of hypotheses is not exhaustive. Rather, we
offer these hypotheses as a starting point with the hope
that our conceptual framework will serve as a springboard
for discussion of additional important natural attributes.
Two potentially fruitful areas to explore are the role of cli-
mate and vegetation in explaining heterogeneity in urban
responses. For example, urban streams in areas where the
rainfall is naturally variable, such as arid or tropical re-
gions, may be pre-adapted to flashy flows (Osterkamp and
Friedman 2000, Ramírez et al. 2009), whereas streams in
areas with prolonged dry periods may be more susceptible
to urban water-quality stress (McNeil and Cox 2007, see
Hale et al. 2016 for a detailed discussion of climate and
the urban stream syndrome). Vegetation in riparian areas
can regulate temperatures and serve as important inputs
of organic matter to streams (Benfield 1997, Webster and
Meyer 1997, Lyons et al. 2000). Therefore, streams with
naturally wooded riparian zones may be more susceptible
to loss of riparian vegetation associated with urbanization
than streams draining grasslands or shrublands (Cuffney
et al. 2011).

The same regional variation in pre-urban environmen-
tal attributes that directly confers resistance to urbaniza-
tion also may affect urban stream degradation indirectly
by influencing the type of urban infrastructure or its func-
tion on the landscape. For example, urban planners in flat,
semi-arid landscapes with high soil permeability may di-
rect local stormwater runoff to detention basins or under-
ground sumps rather than piping it to the nearest drainage
lines as a means of reducing stormwater runoff and main-
taining water tables. Such urban designs may help mitigate
concerns associated with rapid and extreme surface flows,
but may further alter flow regimes with steeper subsurface
hydraulic gradients and enhanced base flows (Meyer et al.
2005, Loperfido et al. 2014, see Bhaskar et al. 2016). In a
2nd example, regions subjected to Pleistocene glaciation
may have naturally elevated conductivity, and sufficient
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modern snow and ice accumulation to warrant application
of road salt deicers and may develop an urban chemical
signal (e.g., Daley et al. 2009, Corsi et al. 2010, Cooper et al.
2014) distinctly different from the signal in areas where
Pleistocene glaciation did not occur, such as Atlanta and
Melbourne (e.g., Roy et al. 2003, Hatt et al. 2004). In a 3rd ex-
ample, new developments may preferentially replace agri-
cultural lands rather than forested areas in regions where
pre-existing land-cover patterns are driven by predictable
patterns of soil depth (e.g., ridges and valleys), water supply
(e.g., mountain blocks), or poor drainage (e.g., sand plains).
Here, the same attribute that drives landuse history, nutri-
ent concentrations, and subsequent ecological resistance
to rising nutrient loads also affects patterns of urban infra-
structure. Although beyond the scope of our paper, the in-
fluence of natural factors on infrastructure systems and man-
agement practices fits well into our framework.

The variable resistance of streams to urbanization means
that extrapolation of management guidelines across all sys-
tems may be unwise. Impervious-area thresholds have been
applied to the management of urban watersheds on the
basis of a presumption of little/no impact <10% total im-
pervious area (e.g., Klein 1979) to a more nuanced recogni-
tion of potential effects, particularly biological, at levels of
effective imperviousness <2 or 3% (e.g., Booth and Jackson
1997, King and Baker 2010). However, natural variation in
the attributes listed in Table 1 together with characteristics
of the urban infrastructure itself (Bhaskar et al. 2016, Parr
et al. 2016) are likely to lead to variation in the relationship
between impervious cover and ecological integrity, thereby
reducing the generality of management thresholds. Thus,
relationships should be assessed for individual metropolitan
areas.

The first 5 hypotheses and the stage-setting influence
of historical land use also carry implications for monitor-
ing and restoration of degraded stream systems. The wa-
ter storage capacity hypothesis highlights natural features
that could be preserved or mimicked to maintain or im-
prove the natural hydrologic buffering capacity of a water-
shed. Such a concept could be realized by preserving wet-
lands or instituting management practices that create new
features (i.e., rain gardens) to infiltrate runoff at the source.
Such approaches may reduce hydrologic disturbances and
provide additional opportunities for nutrient processing in
urban watersheds. The conductance hypothesis highlights
the importance of knowing the background level of con-
ductivity and natural patterns of variation, especially for
streams with naturally higher or more variable concentra-
tions. Similar levels of conductivity across urban regions
can carry different implications for biota depending on
whether biota are pre-adapted or not. As a whole, improv-
ing our understanding of the natural resistance of stream
ecosystems to urbanization could strengthen our knowl-
edge of the drivers of degradation and restoration, man-

agement, and monitoring efforts. We close by stressing
that concepts listed in Table 1 are hypothetical and that
only investigations targeted to specifically address their va-
lidity will confirm or refute such ideas. We think that the
high degree of environmental heterogeneity of streams
warrants consistent integration into urban stream ecologi-
cal studies.
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