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ABSTRACT

Culvert replacements are commonly undertaken to restore aquatic organism passage and stream hydrologic and geomorphic conditions, but
their effects on ecosystem processes are rarely quantified. The objective of this study was to investigate the effects of two culvert replacement
designs on stream ecosystem processes. The stream simulation design, where culverts accommodate bankfull width and streambeds are re-
constructed through the culvert, was compared with the bankfull and backwater design, where streambeds were left to fill naturally, as well as
to non-replaced culverts. We predicted that stream simulation culverts would best preserve water velocity and coarse particulate organic mat-
ter (CPOM) retention within the culvert relative to upstream reaches, and that both replaced culvert styles would exhibit rates closer to up-
stream reaches than non-replaced culverts. In addition, we predicted that ecosystem processes (CPOM retention, transient storage and nutrient
uptake) would be similar in reaches upstream and downstream of both replaced culvert styles, because both designs are constructed to main-
tain stream slopes and bankfull widths through the structure. We found that stream simulation design better maintained CPOM retention
through culverts compared with non-replaced and bankfull and backwater design culverts, but observed no differences in ecosystem pro-
cesses between reaches located upstream or downstream of replaced culverts. Although the stream simulation design requires additional
streambed construction relative to the bankfull and backwater design, this step may lead to additional improvement if maintaining ecological
conditions through the culvert is an important restoration goal. Copyright © 2017 John Wiley & Sons, Ltd.
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INTRODUCTION

In the Great Lakes region, 64% of dams and road crossings
are impassable or partially passable to aquatic organisms,
with 74% of road crossings classified as barriers in some
watersheds (Diebel et al., 2014; Januchowski-Hartley
et al., 2013). Road crossings and culverts can fragment pop-
ulations by acting as barriers to the movement of aquatic or-
ganisms, primarily by altering the physical structure of
stream channels and causing deviations from natural flow
conditions that affect organisms differentially depending
on their life histories and swimming ability (Blakely et al.,
2006; Bouska and Paukert, 2010; Warren and Pardew,
1998). Culverts can also alter geomorphic characteristics
within, upstream and downstream of the structures. Culverts
that obstruct natural flow conditions can retain fine sedi-
ments during high discharge events, increase accumulation

of fine sediments downstream or upstream of culverts
(Bouska et al., 2010; Lachance et al., 2008; Wellman
et al., 2000) and influence the organic matter content of sed-
iments upstream of culverts (Lachance et al., 2008). For ex-
ample, some box-type culverts in Kansas have deeper mean
bankfull depths and smaller width-to-depth ratios compared
with natural stream channels, and riffle spacing is closer in
stream reaches downstream of these culverts relative to
those upstream (Bouska et al., 2010). These effects can
transmit beyond the reaches immediately adjacent to the cul-
verts. For example, Lachance et al. (2008) found that sedi-
ment accumulation was elevated for up to 1.4 km
downstream of culverts. Consequently, culvert replacement
is a widespread focus of restoration activity around the
USA (Gillespie et al., 2014; Januchowski-Hartley et al.,
2013; Price et al., 2010).
The US Department of Agriculture, Forest Service

(USFS) has implemented culvert replacement projects to al-
leviate the negative effects to physical processes and stream
biota caused by poorly designed or undersized culverts
(SSWG, 2008). The USFS’s preferred approach for culvert
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replacement on all fish-bearing streams is the stream simula-
tion design, which is designed to mimic the natural stream
dimensions and streambed with goals of improving aquatic
organism passage, geomorphic continuity and flood resil-
iency (Cenderelli et al., 2011; Gillespie et al., 2014; SSWG,
2008). Key components of the stream simulation design are
considering the alignment of the stream and culvert relative
to the road, maintaining a consistent streambed slope
through the culvert, creating a culvert that is equal or greater
than bankfull width to maintain the cross-sectional shape of
the stream and recreating a streambed that matches the size
and arrangement of bed material naturally found in adjacent
or nearby reference stream reaches (Cenderelli et al., 2011).
Although they can cost 20–30% more to install than other
replacement designs, stream simulation culverts have suffi-
cient capacity to pass water and debris for a 100- to 500-year
flood, thereby increasing their expected lifespan and de-
creasing maintenance costs to almost zero (Barnard et al.,
2015; Cenderelli et al., 2011; Gillespie et al., 2014). In the
upper Great Lakes region, an alternative replacement style
called the bankfull and backwater design (hereafter referred
to as the bankfull design) has been implemented in some
low-gradient locations (Dale Higgins, personal communica-
tion, 2015). In this style, the culvert design follows most
principles of the stream simulation design such as maintain-
ing streambed slope and including the bankfull channel, but
rather than rebuilding the streambed, substrates within the
culvert are allowed to fill via natural stream flows.
Similar to most stream restoration efforts, studies that

evaluate the ecological effects of culvert replacements by
pre-replacement and/or post-replacement and long-term
monitoring are rare. Roni et al. (2008) surveyed 345 studies
that reported the physical and biological effectiveness of
stream rehabilitation projects, and only five described cul-
vert replacement projects, all of which reported that previ-
ously inaccessible stream reaches upstream of culverts
were readily recolonized by fish after replacement. More-
over, ecosystem processes have been more widely inte-
grated in post-restoration monitoring over the past decade
because these processes integrate across the responses of in-
dividual organisms and therefore may offer valuable in-
sights that are missed by only monitoring the biota.
Examples of ecosystem processes that have been applied
for monitoring the effect of stream restorations include re-
tention of coarse particulate organic matter (CPOM; organic
particles larger than 1mm including woody and non-woody
debris; Lepori et al., 2005; Rosi-Marshall et al., 2006),
transient storage characteristics (Becker et al., 2013;
Bukaveckas, 2007) and nutrient uptake (Hoellein et al.,
2012). Because culverts alter the physical and biological
structure of streams within as well as upstream and down-
stream of the culvert structures, it is possible that ecosystem
processes may be useful indicators of their effects, but they

have rarely been considered in studies of culvert effects or
responses following culvert restoration or replacement.
The overall goal of this study was to evaluate the effects

of stream simulation and bankfull culvert designs on ecosys-
tem processes in northern Wisconsin streams. For this study,
we considered two different comparisons for how culverts
may affect ecosystem processes. First, hydrologic and geo-
morphic conditions within culverts due to different designs
(non-replaced, stream simulation and bankfull) may alter
ecosystem processes within the culverts. We hypothesized
that CPOM retention and water velocity measured within
stream simulation culverts, where streambeds were rebuilt,
would be most similar to those measured in upstream
reaches, while they would be less similar in bankfull cul-
verts and least similar in non-replaced culverts. Second,
culverts may alter ecosystem processes in upstream and
downstream reaches by altering hydrologic or geomorphic
conditions through the culvert, and these effects may trans-
mit over tens to hundreds of metres (Lachance et al.,
2008). We hypothesized that ecosystem processes measured
at reach scales (CPOM retention, transient storage and nutri-
ent uptake) would be similar upstream and downstream of
both stream simulation and bankfull design culverts, as both
designs accommodate a range of flows and do not constrict
the bankfull channel.

MATERIALS AND METHODS

Study sites and design

Study sites were located in northern Wisconsin on the
Chequamegon-Nicolet National Forest (Table I, Figure 1).
The streams were located in northern mesic forests with
sugar maple (Acer saccharum), eastern hemlock (Tsuga
canadensis) and yellow birch (Betula alleghaniensis)
established on predominately loamy or silty soils. Riparian
vegetation was dominated by speckled alder (Alnus incana).
The streams in the Washburn District flow into rivers that
reach Lake Superior, the Medford District streams are lo-
cated in the headwaters of the Mississippi River drainage
and streams in the Eagle River District flow into rivers that
reach Lake Michigan. Sites in the Eagle River District were
largely located within the Pine and Popple watersheds,
where prior analyses have shown that mean connectivity
for stream reaches is 58% due to road crossings and dams
that act as barriers to fish movement (Diebel et al., 2014).
The hydrologic regime of these streams is typical of those
in the upper Midwestern USA, with a spring snowmelt peak,
followed by a flashy storm-driven pattern in summer and fall
and baseflow conditions during the winter (e.g. USGS
monitoring station 04063700—Popple River near Fence,
WI; http://waterdata.usgs.gov/usa/nwis/).
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In the ‘culvert-type comparison’, we sought to determine
whether ecosystem processes within replaced culverts were
different from those within non-replaced culverts relative

to conditions in upstream reaches. We selected 15 culverts
to include in this study (five stream simulation, six bankfull
and four non-replaced culverts; Table I; Figure 1). Non-

Table 1. Location, culvert characteristics and physical characteristics of the 15 study streams in 2013

Stream District Latitude Longitude Culvert type
Culvert

length (m)
Discharge
(L s�1) Width (m) Depth (m)

Preemption Washburn 46.32818 �91.08728 Stream simulation 17 61 2.2 0.14
Whiskey Washburn 46.30185 �90.91581 Bankfull and backwater 19 26 1.6 0.12
Joseph’s Medford 45.18215 �90.66065 Stream simulation 33 73 3.3 0.12
John’s Medford 45.18702 �90.91581 Bankfull and backwater 20 83 2.6 0.10
Popple tributary Eagle River 45.79112 �88.68354 Stream simulation 18 447 5.4 0.24
Popple tributary Eagle River 45.78059 �88.69206 Bankfull and backwater 10 392 4.3 0.29
Armstrong Eagle River 45.64093 �88.44647 Stream simulation 27 191 5.8 0.40
Armstrong Eagle River 45.65825 �88.47915 Non-replaced 33 87 3.6 0.34
Chuck’s Eagle River 45.96819 �88.67518 Non-replaced 25 18 1.5 0.34
Coldwater Eagle River 45.83197 �88.69624 Bankfull and backwater 10 50 2.0 0.12
Duck Eagle River 45.98114 �88.65333 Stream simulation 44 15 1.4 0.09
Gasparado Eagle River 45.96789 �88.74136 Non-replaced 25 39 2.1 0.18
Kingstone Eagle River 45.84748 �88.74287 Non-replaced 13 75 4.2 0.31
LillyPad Eagle River 45.93664 �88.77200 Bankfull and backwater 12 24 2.9 0.19
Wisconsin Eagle River 45.97665 �88.60285 Bankfull and backwater 15 45 1.8 0.23

Discharge measurements were collected on the same day or within one day of measuring CPOM retention, and width and depth reported here were measured on
the discharge transect. All study streams were included in the upstream-downstream comparison, while the first six streams were the paired streams included in
the culvert type comparison.

Figure 1. Location of study sites in northern Wisconsin. Two stream sites (one each stream simulation and bankfull and backwater design cul-
verts) were located in the Washburn and Medford districts (points overlapping in Medford), while 11 sites (four non-replaced, three stream
simulation and four bankfull and backwater culverts) were located in the Eagle River district. See Table I for stream names within each re-
gion, precise location information for each stream site and culvert characteristics. [Colour figure can be viewed at wileyonlinelibrary.com]
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replaced culverts were defined as any culverts that were at
least 20 years old and did not have upstream pond or wet-
land formation that would prevent reach-scale measurement
of ecosystem processes. We selected four culverts that met
these criteria for this study: two were concrete pipes and
two were large corrugated culverts. Upstream reaches were
established upstream of any obvious hydrologic or geomor-
phic alterations from the culvert. For this comparison, we
focused on processes that could be measured within cul-
verts: CPOM retention as a measure of how key organic
matter energy sources are retained in a reach, which is nec-
essary for incorporation into food webs (Wallace et al.,
1997), and water velocity as an indicator of overall hydro-
logic conditions.
In the ‘upstream–downstream comparison’, we quantified

ecosystem processes upstream and downstream of replaced
culverts. We selected three pairs of stream simulation and
bankfull culverts based on proximity to each other and sim-
ilarity in stream width and depth. All streams were also in-
cluded in the culvert-type comparison (Table I). For this
comparison, we measured three ecosystem processes:
CPOM retention as in the culvert-type comparison; transient
storage, or the temporary delay in downstream movement of
water in areas outside of the main channel as a measure of
surface–subsurface exchange capacity (Runkel, 1998,
2002); and ammonium uptake as a metric of biotic and abi-
otic nutrient retention (Webster and Valett, 2006). We could
not quantify these last two processes for the within-culvert
comparison because culvert lengths were too short
(21.1m�9.8 SD; Table I) to apply the measurements tech-
niques (typical required reach length = 50–400m based on
discharge). Non-replaced culverts were not included in the
upstream–downstream comparison because of logistical
and funding constraints.

Field and lab methods

Coarse particulate organic matter retention. Coarse
particulate organic matter retention using leaf analogues
was measured for the culvert-type comparison in August
2013 and the upstream–downstream comparison in
May/June 2013. CPOM retention was measured by
conducting short-term releases of equilateral triangles
(sides ~4 cm long) made of computer paper as leaf
analogues. A known number of leaf analogues (100–200)
were released at the top of a reach for each CPOM release.
Upstream and downstream reach lengths were defined as
approximately 10 times the wetted width downstream of
the release location (15–100m), while culvert reaches were
defined by the upstream and downstream ends of the
culvert. A block seine was stretched across the stream at
the bottom of the reach and/or the mouth of the culvert to
catch the paper leaf analogues still in transport and

deployed for about 1 h after release or until paper transport
ceased (Lamberti and Gregory, 2006). The analogues that
were captured in the seine at the end of the reach were
counted. In addition, the reach was divided into 5- to 10-m
intervals and searched for retained leaf analogues. The
location of retained analogues and the object that retained
them were recorded. Because not all retained analogues
could be found within a reach, the number of leaf
analogues in transport at each interval (Pd) was estimated
proportionally based on the ratio of the number of
analogues found at a given stream distance over the total
number of analogues found. We then estimated the
instantaneous retention rate (k) by fitting an exponential
decay function as described in Lamberti and Gregory
(2006).
Generally, researchers compare between reaches and

streams using instantaneous retention rates. However, dis-
charge was different between sites and sometimes between
reaches on the same stream if CPOM releases could not be
completed on the same day due to weather or time limita-
tions. Higher discharge can result in longer transport dis-
tances that may inaccurately appear to be lower CPOM
retention if not accounted for. Therefore, we normalized re-
tention for discharge by calculating deposition velocity
(Vdep, LT�1), sensu Webster et al. (1999):

Vdep ¼ u�h
1=k

(1)

where u is average water velocity (LT�1) and h is average
depth (L).

Water velocity and transient storage. Field measurements to
estimate water velocity and transient storage dynamics were
completed in August 2013 for the culvert-type comparison
and in May/June 2013 for the upstream–downstream
comparison. We conducted salt releases within culverts
and in all upstream and downstream reaches by deploying
one YSI 6920V2 multiparameter sonde equipped with a
6560 conductivity/temperature probe ~20m downstream of
the location of the salt release and a second similar sonde
at the downstream edge of the reach. The length of the
reach was determined to target a travel time of ~45min
unless being conducted through a culvert, in which case
the sondes were deployed within a few metres of the
upstream and downstream ends of the culvert. 1–1.5 kg of
sodium chloride per 100L sec�1 of discharge was
dissolved in a bucket of stream water, and this solution
was then released while sondes recorded conductivity at
5 s and 1min intervals for the upstream and downstream
sonde, respectively. The upstream sonde was given shorter
intervals because the salt mass moves through in a shorter
length of time as it has not dispersed yet at the upstream
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edge of the reach. Breakthrough conductivity curves,
created by the moving salt mass, were used to calculate
travel times based on the time between peak concentration
of upstream and downstream conductivity probes. Travel
times were then used to calculate average water velocities
throughout the reach as travel time divided by reach length.
The conductivity curves collected in reaches upstream

and downstream of culverts were used to model transient
storage characteristics using the one-dimensional transport
with inflow and storage (OTIS) model and its modified auto-
mated parameter estimation version (OTIS-P) (Runkel,
1998). This model describes the physical processes that af-
fect salt concentrations such as advection (downstream
transport of a solute), dispersion (spreading of a solute mass
via diffusion and velocity variations due to shear stress) and
transient storage (for detailed explanation of the model and
equations, see Runkel, 1998). For this study, we were partic-
ularly interested in the parameters D (dispersion coefficient,
L2T�1), A (main channel cross-sectional area, L2), As (stor-
age zone cross-sectional area, L2) and α (storage zone ex-
change coefficient, T�1). These parameters help to
describe how flow paths may change between stream
reaches by describing the storage zone, the main channel
and interactions between both. To facilitate comparisons in
transient storage between reaches, we also derived the ratio
of storage zone cross sectional area to channel cross sec-
tional area (As/A), storage zone residence time (Tsto, T;
Thackston and Schnelle, 1970) and hydraulic retention fac-
tor (Rh, TL�2; Morrice et al., 1997), where the last two met-
rics are indicative of the amount of time an average salt
molecule spends in storage. When completing the hydro-
logic modelling, we discovered gaps in logging caused by
wipers on the sonde sensors that caused the upstream sondes
to sometimes miss the leading edge and peak of the conduc-
tivity curve, which passed very quickly. This resulted in up-
stream curves at some sites with different areas than the
downstream curves from the same release, which violated
a central assumption of OTIS and resulted in no model solu-
tion. Therefore, we instead simulated the upstream curve as
a 5-s (near instantaneous) conductivity peak at the point of
release, where the height of the upstream curve was deter-
mined by dividing the area of the downstream curve by
5 s. The upstream curves were simulated for all study sites
to insure comparability of the estimates across all sites.

Nutrient uptake. Ammonium uptake velocities (Vf) were
estimated upstream and downstream of each culvert using
whole-stream nutrient injections in June 2013. Ammonium
uptake was measured using standard nutrient spiralling
techniques (Stream Solute Workshop, 1990; Webster and
Valett, 2006). A solution of Rhodamine WT (conservative
tracer), ammonium chloride and stream water was
continuously released at the top of the reach using a fluid

metering pump. The pump dripped the solution at
~100mLmin�1, and the concentration in the solution was
adjusted accordingly with discharge so that concentrations
of ammonium were elevated by ~10μgNL�1 above the
background concentration in the stream. Reach lengths
were adjusted to achieve ~45min of travel time when
possible (50–400m depending on discharge). Prior to
initiating the nutrient release, water samples were collected
from seven sampling stations downstream of the pump and
analysed for background concentrations of NH4–N. Water
was sampled again at all sampling stations once the
conservative tracer concentrations reached a plateau (no
change in rhodamine WT concentrations over ~5min) at
the furthest downstream station. Rhodamine WT
concentrations were analysed using a Turner Aquafluor
handheld fluorometer. NH4–N concentrations were
determined following Taylor et al. (2007) using the light
sensitive orthophthaldialdehyde (OPA) method.
Ammonium and Rhodamine WT samples were processed
within 6 h of collection in the field. We then calculated the
overall uptake coefficient (kc) and uptake length, or the
average distance travelled by a solute before it is removed
from solution (Sw, L), following standard equations
described in Webster and Valett (2006). Because Sw is
influenced by changes in stream discharge as well as biotic
uptake (Webster and Valett, 2006), we also calculated Vf

(LT�1), which is an estimate of the velocity at which a
nutrient atom travels to immobilization in the stream and
is more appropriate for comparisons across streams with
different discharges:

Vf ¼ u�h
Sw

(2)

where u is average water velocity (LT�1) and h is average
depth (L).

Statistical analyses

Both the culvert-type and the upstream–downstream com-
parisons were analysed using two-way analysis of variance
(ANOVA). For the culvert-type comparison, fixed factors
were reach (upstream and through culvert) and culvert type
(stream simulation, bankfull and non-replaced), with stream
as a random factor. The response variables compared were
CPOM Vdep and water velocity. For the upstream–
downstream comparison, fixed factors were reach (upstream
and downstream) and culvert type (stream simulation and
bankfull), with stream as a random factor. The response var-
iables compared were CPOM Vdep, transient storage param-
eters (D, As, α, As/A, Tsto, Rh) and ammonium Vf. To meet
ANOVA assumptions of normality we log transformed wa-
ter velocity, CPOM Vdep, D, As, As/A, Tsto and Rh before
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analyses; α and ammonium Vf did not require transforma-
tion. Alpha values were set at 0.05 for all two-way
ANOVAs. When two-way ANOVAs revealed significant
interactions between reach and culvert type, we conducted
post hoc t-tests to evaluate differences between study
reaches within each culvert type; for these tests, all alpha
values were Bonferroni corrected. All statistics were com-
pleted using R statistical software (R Core Team, 2013).

RESULTS

Culvert-type comparison

For the culvert-type comparison, we expected that CPOM
retention and water velocities would be most similar be-
tween upstream and through reaches for stream simulation
culverts, less similar for bankfull culverts and least similar
for non-replaced culverts. For upstream reaches of all cul-
vert types, 43–53% of released leaf analogues were retained
in the study reach, and wood and rocks were the objects that
most commonly retained leaf analogues (Figure 2). We
found that CPOM Vdep decreased, and therefore CPOM re-
tention increased, in all culvert types relative to upstream
reaches, and the interaction effect between reach and culvert
design was significant using a two-way ANOVA (Table II).
CPOM Vdep decreased the least in stream simulation culverts

(74.0%) and was not significantly different between the up-
stream and within-culvert reaches (post hoc t-test t1, 8 = 1.73,
p=0.12). In contrast, CPOM retention significantly de-
creased 98% through bankfull (post hoc t-test t1, 10 = 5.68,
p=0.0002) and 99.5% through non-replaced (post hoc t-test
t1, 4 = 4.82, p=0.0085) culverts (Figure 3). Within culverts,
rocks were the most common substrate retaining leaf ana-
logues in non-replaced (3.8%) and stream simulation cul-
verts (7.0%), while the bank was the most common feature
retaining leaf analogues in bankfull culverts (2.3%). Wood
also was a key retentive feature in stream simulation cul-
verts, increasing the overall retention of leaf analogues to
14% in these culverts relative to ca. 4% in non-replaced
and bankfull culverts (Figure 2). Contrary to our hypothesis,
we found that stream water velocity decreased 33.8%
through bankfull culverts compared with upstream reaches,
but increased 16.7% and 66.1% through non-replaced and
stream simulation culverts, respectively. The interaction ef-
fect for reach and culvert design was statistically significant
(Figure 3, Table II), but post hoc t-tests revealed no signifi-
cant differences between upstream and through reaches for
any culvert type (non-replaced t1, 6 = 0.53, p=0.62; bankfull
t1, 10 = 1.34, p=0.21; stream simulation t1, 8 = 1.61, p=0.15).

Upstream–downstream comparison

We hypothesized that CPOM retention, transient storage
characteristics and ammonium uptake would be similar up-
stream and downstream of both stream simulation and
bankfull culverts because both designs accommodate the
bankfull stream width. We found that CPOM Vdep decreased
from upstream to downstream of stream simulation culverts,
while the opposite pattern was observed for bankfull cul-
verts, and the interaction effect for reach and culvert design
was statistically significant (Figure 4, Table II). However,
post hoc t-tests revealed no significant differences between
upstream and downstream reaches for either culvert type
(bankfull t1, 4 = 1.54, p=0.20; stream simulation t1,
4 = 1.49, p=0.21). For transient storage, estimates of D, A,
As and α and derived estimates of Tsto, Rh and As/A deter-
mined using OTIS-P were similar between upstream and
downstream reaches (Table III). Only D (dispersion) was
determined to be statistically different between reaches and
culvert types, with an observed increase of 48% from up-
stream to downstream of stream simulation and a decrease
of 78% from upstream to downstream of bankfull culverts
(Tables II and III), but post hoc tests revealed no significant
differences between upstream and downstream reaches for
either culvert type (bankfull t1, 4 = 1.22, p=0.29; stream
simulation t1, 4 = 1.18, p=0.30). For ammonium uptake, Vf

ranged from 0.02 to 0.14mms�1 (Table IV) and was not
different either between culvert types or between upstream
and downstream study reaches (Table II).

Figure 2. Per cent of leaf analogues retained by different substrates in
the upstream and through culvert reaches in the culvert-type com-
parison. Analogues not retained on these substrates were transported

through and recovered at the downstream end of the reach

J. C. OLSON ET AL.782

Copyright © 2017 John Wiley & Sons, Ltd. River Res. Applic. 33: 777–787 (2017)

DOI: 10.1002/rra



DISCUSSION

Both culvert replacement and habitat improvement projects
are common stream restoration activities in the USA

(Januchowski-Hartley et al., 2013; Roni et al., 2008).
Stream simulation culverts combine both strategies by try-
ing to improve longitudinal stream connectivity as well as

Figure 3. Coarse particulate organic matter (CPOM) deposition
velocity (Vdep) (top) and water velocity measured for the culvert-
design comparison. Error bars �1 SE, n= 5 for stream simulation,

n= 6 for bankfull and backwater and n= 4 for non-replaced

Figure 4. Coarse particulate organic matter (CPOM) deposition
velocity (Vdep) (top) and ammonium uptake velocity (Vf) for the
upstream–downstream comparison. Error bars �1 SE, n= 2 for Vf

stream simulation downstream and n= 3 for all other means

Table 2. Two-way ANOVA results for all response variables for the culvert-type and upstream–downstream comparisons

Reach Culvert type Reach × culvert type

Metric Fdf P-value Fdf P-value Fdf P-value

Culvert-type comparison
CPOM deposition velocity Vdep 65.01,11 <0.001 5.92,11 0.02 9.72,11 0.004
Water velocity 0.11,12 0.74 4.72,12 0.03 4.52,12 0.03

Upstream–downstream comparison
CPOM deposition velocity Vdep 0.01,4 0.99 0.51,4 0.53 11.11,4 0.03
Dispersion coefficient D 2.41,4 0.19 1.61,4 0.27 10.01,4 0.03
Storage zone cross-sectional area As 2.11,4 0.22 0.01,4 0.88 2.81,4 0.17
Storage zone exchange coefficient α 3.41,4 0.14 2.21,4 0.21 3.71,4 0.13
Ratio of storage zone to main channel cross-sectional area As/A 3.51,4 0.13 0.21,4 0.69 3.71,4 0.13
Storage zone residence time Tsto 1.31,4 0.31 0.01,4 0.93 2.41,4 0.20
Hydraulic retention factor Rh 1.21,4 0.33 1.21,4 0.33 6.31,4 0.07
Ammonium uptake velocityVf 21.91,1 0.13 1.91,1 0.40 11.11,1 0.18

CPOM, coarse particulate organic matter.
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restoring natural substrates and stream dimensions through
culverts (Gillespie et al., 2014; SSWG, 2008). Our results
suggest that rebuilding the streambed, as is performed in
stream simulation culverts, may support more natural rates
of one ecosystem process (CPOM retention) in the short
reaches within culverts compared with bankfull and non-
replaced culverts. In addition, we observed little difference
in CPOM retention, transient storage and nutrient uptake up-
stream and downstream of stream simulation and bankfull
culverts. This suggests that these two culvert designs, which
both are designed to mimic the slope and bankfull width of
reference stream channels (Cenderelli et al., 2011), did not

have transmitting effects that alter the ecosystem processes
we monitored in this study, as is sometimes observed for un-
dersized or poorly designed culverts (e.g. Lachance et al.,
2008).

Ecosystem processes within replaced and non-replaced
culverts

We found that CPOM retention and water velocity were
significantly different among culvert designs and between
reaches upstream of and through culverts. Contrary to our
hypothesis, we found that non-replaced culverts were most

Table 3. Means (�SE, n= 3) and effect sizes (mean % change) for transient storage metrics derived from OTIS modelling as part of the
upstream–downstream comparison

Stream simulation Bankfull and backwater

Metric Upstream Downstream Mean % change Upstream Downstream
Mean %
change

Dispersion coefficient
D (m2 s�1)

0.29� 0.06 0.44� 0.10 47.69 0.47� 0.30 0.13� 0.02 �78.44

Storage zone cross-sectional
area As (m

2)
0.14� 0.09 0.19� 0.16 44.07 0.11� 0.06 0.21� 0.11 57.67

Storage zone exchange
coefficient α (s�1)

0.0012� 0.0003 0.0011� 0.0005 �3.34 0.0010� 0.0007 0.0031� 0.0008 215.02

Ratio of storage zone to
main channel cross-sectional
area As/A

0.15� 0.03 0.16� 0.06 8.53 0.13� 0.05 0.22� 0.01 81.90

Storage zone residence
time Tsto (s)

139� 21 186� 65 33.32 587� 448 79� 22 �85.17

Hydraulic retention factor
Rh (s m

�1)
0.68� 0.09 0.57� 0.14 �15.22 0.93� 0.46 0.90� 0.02 49.37

Table 4. Nutrient uptake parameters measured as part of the upstream–downstream comparison

Stream Culvert type Reach
Discharge
(L s�1)

Width
(m)

Depth
(m)

Background
ammonium
(μgNL�1)

Enrichment
factor

Uptake
length
Sw (m)

Uptake
velocity

Vf ( mm s�1) P-value

Preemption Stream simulation Down 72.9 2.0 0.19 13.2 1.5 1014 0.04 0.47
Preemption Stream simulation Up 54.0 1.7 0.18 22.1 1.2 292 0.11 0.21
Whiskey Bankfull and backwater Down 14.9 1.4 0.09 19.5 1.4 78 0.12 0.10
Whiskey Bankfull and backwater Up 12.3 1.4 0.09 23.3 1.2 580 0.01 0.55
Joseph’s Stream simulation Down 3.0 1.7 0.05 14.4 1.0 ND ND ND
Joseph’s Stream simulation Up 3.0 1.7 0.05 43.0 1.1 71 0.02 0.04
John’s Bankfull and backwater Down 5.7 2.0 0.10 16.0 1.3 68 0.04 0.05
John’s Bankfull and backwater Up 4.1 1.2 0.06 19.8 1.2 83 0.05 0.05
Popple Stream simulation Down 255.9 5.0 0.16 10.5 2.0 807 0.06 0.13
Popple Stream simulation Up 228.5 5.0 0.15 12.8 2.1 305 0.14 0.01
Popple Bankfull and backwater Down 196.8 4.8 0.19 12.1 1.9 594 0.07 0.08
Popple Bankfull and backwater Up 196.8 4.8 0.19 8.0 2.4 418 0.10 0.06

ND indicates no data because plateau concentrations were not elevated enough above background to achieve a decreasing relationship between ammonium
concentration and distance from release. Enrichment factor is the plateau ammonium concentration divided by the background concentration. P-values reported
here were for the regression applied to the nutrient uptake data collected in each reach. In the reach column, ‘down’ indicates the study reach downstream of the
culvert, and ‘up’ indicates the study reach upstream of the culvert.
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similar in water velocity between upstream and down-
stream reaches and that water velocity increased through
stream simulation culverts. This may be because the stream
simulation culverts included in our study were rebuilt to
mimic conditions found in riffles, which have naturally
faster flow than average water velocities across longer
stream reaches that include both pools and riffles. We
found that CPOM Vdep decreased through all culvert types
relative to upstream reaches. However, the decrease in Vdep

was least through stream simulation culverts and most
through non-replaced culverts, likely due to the recon-
structed streambed that retained leaf analogues on rocks
and woody debris in the stream simulation culverts. Leaf
analogue retention on rock substrates in non-replaced cul-
verts appeared similar to that in stream simulation culverts
(Figure 2), but in reality was driven by a few rocks at the
exit of one culvert and was not a general feature of non-
replaced culverts in our study.
Our results agree with evidence from other studies sug-

gesting that CPOM retention may be particularly sensitive
to restoration efforts focused on physical habitat. Several
studies have shown that restoration projects where wood
structures were added to streams to create pool habitats also
increased CPOM retention at the habitat and reach scales
(Entrekin et al., 2008; Rosi-Marshall et al., 2006). Further-
more, Lepori et al. (2005) found that streams restored from
channelization by widening channels and adding large boul-
ders had increased CPOM retention. An increase in CPOM
retention could influence the distribution of CPOM standing
stocks and subsequently distribution of invertebrates depen-
dent on CPOM as a food source. Other research in our study
streams has identified that invertebrate biomass within cul-
verts is greater in stream simulation compared with bankfull
culverts (S. Eggert, USFS, unpublished), which could be re-
lated to CPOM retention and availability.

Ecosystem processes upstream and downstream of replaced
culverts

The main motivation for culvert replacements is that im-
properly designed culverts can act as semipermeable or
complete barriers to aquatic organism movement (Bouska
and Paukert, 2010; Warren and Pardew, 1998), and that
sedimentation, erosion and flood risk can exceed natural
levels because of hydrologic changes through culverts
(Bouska et al., 2010; Gillespie et al., 2014; Wellman
et al., 2000). Sometimes, these issues within culverts can
transmit upstream or downstream to change stream geo-
morphology or hydrology in ways that could influence eco-
system processes over many metres or kilometres
(Lachance et al., 2008). In our study, we found that CPOM
retention, transient storage and nutrient uptake were all
similar in reaches upstream and downstream of both stream

simulation and bankfull culverts, and all rates were within
the range of other studies reporting these processes in re-
stored and unrestored streams (e.g. Becker et al., 2013;
Hoellein et al., 2012; Runkel, 2002). The lack of difference
in rates of ecosystem processes observed upstream and
downstream of culverts could be because both replacement
culvert styles are designed to accommodate the full
bankfull channel across a range of flow conditions (Gilles-
pie et al., 2014), and we observed consistent stream geo-
morphic characteristics (width, depth and discharge)
between stream reaches upstream and downstream of the
culverts included in this study (Tables I and IV). Similarly,
Timm et al. (in press) report that bankfull widths were not
significantly different upstream and downstream of the
stream simulation and bankfull culverts included in our
study, but that substrate particles sizes were significantly
larger upstream than downstream of both styles of culverts.
However, without similar upstream–downstream data prior
to replacement or from non-replaced culverts in the region,
it is impossible to attribute the difference observed in geo-
morphology or ecosystem processes to specific culvert
characteristics.
An alternative possibility is that the ecosystem processes

we measured in upstream and downstream reaches were
not sensitive to culvert effects. Others have found that nutri-
ent uptake and transient storage may or may not be sensitive
to stream restoration. For example, Hoellein et al. (2012)
found no significant differences in ammonium uptake on
reaches that were restored for fish spawning habitat by in-
creasing substrate size with the addition of gravel and boul-
ders and building upstream sediment traps compared with
unrestored reaches. However, other studies have found that
manipulations of physical complexity such as adding coarse
woody debris to streams can increase ammonium uptake
(Roberts et al., 2007). Studies evaluating transient storage
characteristics after restorations of physical complexity,
similar to stream simulation culverts, have also reported
mixed results. Becker et al. (2013) evaluated the effects of
natural channel design restoration, which involved creating
physical structures with boulders in stream channels, and
found restored reaches had 33% larger transient storage
zones compared with unrestored reaches and a slight de-
crease in residence time in transient storage zones, although
these differences were not statistically significant.
Bukaveckas (2007) found that reaches restored from chan-
nelization by decreasing bankfull capacity and creating
channel meanders, pools and riffles had higher transient
storage (As/A) compared with channelized reaches. Addi-
tionally, Hoellein et al. (2012) found that restored reaches
with larger substrate sizes had increased transient storage
(As/A). In our study, D was the only metric found to have
statistically significant differences between upstream and
downstream reaches for any of the transient storage metrics.
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However, because the variability in D was very high and the
absolute change in the D values were small, we think this
significant difference in D may be due to chance rather than
a true difference between the study reaches.

Limitations and broader implications

It must be noted that culverts vary widely in terms of sizes
and design specifics (e.g. length and spanning structure),
even within our groups of stream simulation, bankfull and
non-replaced culverts (Table I). Low replication limited
our ability to quantify the full suite of potential variation
within groups, particularly non-replaced culverts, where
we sampled only two small concrete and two large corru-
gated culverts. Furthermore, culverts with hydrologic issues
such as severe ponding at the inlet or outlet had to be ex-
cluded from this study because the three ecosystem pro-
cesses we measured require predominant downstream
water movement through advection, which is not the case
in nearly lentic conditions. Measurements of ecosystem pro-
cesses not requiring flowing water such as metabolism and
nutrient uptake in benthic chambers would be viable options
to evaluate process differences across the full breadth of cul-
vert variability.
Our results add to a growing body of literature suggesting

careful consideration is required to avoid mismatches be-
tween stream restoration activities and monitoring tech-
niques (Hoellein et al., 2012; Hopkins et al., 2011). We
found that CPOM retention was significantly different de-
pending on culvert design, possibly because it was an eco-
system process that could be measured at the spatial scale
of the restorations (through culverts). Considering elements
of physical and biological structure as well as ecosystem
processes may provide the most robust approach for moni-
toring. For example, Hopkins et al. (2011) found that
macroinvertebrate assemblages were more responsive than
some ecosystem processes (metabolism and decomposition)
to hydrologic conditions in a western river, suggesting that
restoration activities to restore hydrologic regimes in that
river would be best served by focusing on macro-
invertebrate community responses. However, Ogren and
Huckins (2015) found that macroinvertebrate and fish com-
munities were not sensitive to changes in stream habitat fol-
lowing three culvert replacements in the Big Manistee River
watershed in Michigan, likely because of the overriding ef-
fects of habitat and water quality degradation occurring at
larger scales within the study watersheds. Additionally,
monitoring may occur too soon after restoration activities
to allow the ecosystem to recover from the degradation
(Palmer et al., 2010). Monitoring in this study occurred
3–8 years following culvert replacement; however, Louhi
et al. (2011) found that a response in macroinvertebrate
diversity was not detectable after nearly 20 years of

monitoring streams restored for habitat heterogeneity in
Finland. Together, our results and these other studies sug-
gest that restoration practitioners must carefully consider
the spatial and temporal scale of their monitoring activities
as well as the overall goals of the restoration project when
selecting metrics of ecosystem structure or function to use
in post-monitoring programmes.
To evaluate the value of the replacement culvert designs

in the current study, we follow the criteria from Palmer
et al. (2005) based on both ecological and stakeholder suc-
cess. In addition to the likely effects of improving fish
movement and hydrologic conditions compared with im-
properly designed culverts, we found the ecosystem pro-
cesses that we measured were similar upstream and
downstream of both stream simulation and bankfull cul-
verts, while stream simulation culverts had CPOM retention
within the culvert closer to natural rates compared with
bankfull and non-replaced culverts. Furthermore, these cul-
verts may be viewed as a stakeholder success because of
the economic benefit of reduced flood risk and damage, lon-
ger life expectancies without costly repairs (Gillespie et al.,
2014) and a perception that they are more aesthetically
pleasing (Personal communication with adjacent land-
owners, J.M. Kraemer). An important question is whether
the additional cost of rebuilding the streambed in the stream
simulation design is worth the improvement in ecosystem
processes we observed in these short stream reaches through
culverts. If restoration activities are aimed at maintaining
ecological conditions in reaches upstream and downstream
of culverts, then the bankfull design, where the culverts
are sized to accommodate the stream channel but the stream
bottom is not rebuilt, may be adequate. On the other hand, if
maintaining ecological conditions through the culvert is an
important restoration goal, then the investment in the stream
simulation design can lead to improvement in ecosystem
processes.
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