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ABSTRACT

As beavers (Castor spp.) are reintroduced to streams in the northern hemisphere and nature-based and process-based river
restoration emphasizes human-built analogues for beaver dams, it is reasonable to ask how beaver dams and ponds compare to
different types of small dams constructed by humans for diverse purposes. We use published research as a basis for comparing
the effects of beaver dams and four types of human dams—beaver dam analogues, earthen embankments perpendicular to
flow that are used to create stock ponds, check dams, and mill dams. We compare these dams with respect to water balance
and three-dimensional hydrologic connectivity, sediment, particulate organic matter and carbon, nutrients, habitat, and biota.
These assessments inform us in ranking small dams from generally most beneficial with respect to providing ecosystem services
(beaver meadows with multiple dams) to least beneficial (mill dams), recognizing that beaver meadows may not be beneficial at
some sites for infrastructure and human property within the river corridor, and mill dams may be beneficial at some sites where
they impede upstream migration by invasive species or provide lentic habitat in the river corridor. This comparison among dam
types highlights the need for research on the cumulative effects of multiple small dams along a river corridor and across a river
catchment, as well as identifying gaps in our understanding of the effects of specific types of dams, including the effects of stock
ponds and check dams on carbon and nutrient dynamics.

1 | Introduction to multiple processes relevant to ecosystem services, including
water, sediment, and nutrient dynamics, habitat, and biodiversity.

The reintroduction of beavers (Castor spp.) and the mimicry of

beaver dams by human-built structures have become increas-
ingly popular and more commonly used in the management of
smaller rivers in the northern hemisphere during the past two
decades (e.g., MacDonald et al. 1995; Pollock et al. 2014; Johnson
et al. 2020). This gives rise to the question of how the effects of
beaver dams on ecosystem services compare to the effects created
by other relatively small, human-built dams, such as mill dams,
check dams, and stock ponds, which can be numerous and wide-
spread in smaller rivers. Our primary objective in this paper is
to systematically compare and contrast these effects with respect

We consider beaver dams versus human dams. We define beaver
dams as those built by Castor canadensis in North America and
Castor fiber in Eurasia (Naiman et al. 1988; Larsen et al. 2021).
Under the category of small human dams, we include four
types: (i) human-built structures designed to mimic the height
and width of beaver dams and known as beaver dam analogues
(Pollock et al. 2014), post-assisted log structures (Jordan and
Fairfax 2022), and other names; (ii) mill dams built across chan-
nels and valley floors to raise the water levels to run watermills
(Walter and Merritts 2008; Buchty-Lemke and Lehmkuhl 2018;
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Brykata and Podgdérski 2020); (iii) check dams used for water
and particularly sediment storage in smaller channels (Piton
et al. 2017; Frankl et al. 2021; Lucas-Borja et al. 2021); and (iv)
embankment or stock ponds, which are created by building
sediment berms across small channels and valley floors for the
purpose of storing water for agricultural use or limiting chan-
nel incision, typically in semiarid or arid regions (e.g., SCS 1982;
Canals et al. 2011). We do not include fish or aquaculture ponds
in the category of stock ponds. We include these four types of
human-built dams because they are most closely analogous with
respect to beaver dams in their limited height (< 5m) and length,
as well as their location on relatively small rivers and streams.
We also include only structures explicitly identified as dams. We
do not include other water-retention features such as natural or
human-built depressions (wetlands, ponds, lakes) that are not
dammed at the downstream end, nor do we include constructed
wetlands with a dam.

We do not consider large or very large (commonly defined as
>15m tall) human-built dams designed for purposes such as
flood control, hydroelectric power generation, and water supply.
In a meta-analysis of studies of beaver dams and human-built
dams, Ecke et al. (2017) compared the number of studies de-
scribing dam-related alterations in hydrology, sediment, biogeo-
chemistry, habitat, and biodiversity. They concluded that both
types of dams similarly influence biodiversity but have contrast-
ing effects on nutrient retention (e.g., young beaver ponds may
be a source of phosphorus and mercury that change with age of
the beaver pond). However, many of the dams represented in
their analysis were larger than those considered here. As Ecke
et al. (2017) noted, studies on small artificial impoundments are
rare, although the median impoundment size in their review
was 1367 ha, and they excluded the largest systems. They did not
discuss the possible effects of the different numbers and loca-
tions within river networks of beaver dams versus human dams.

It is important to note that the four types of human-built dams
considered here are chosen to serve a particular purpose as-
sociated with economic value and, in the case of beaver dam
analogues and sometimes stock ponds, ecosystem services. In
other words, locational choices by humans and beavers may not
be driven primarily by the ecosystem benefits and costs that we
consider here. However, any dam has ecosystem benefits and
costs. Comparing these between different types of dams helps to
inform the question that we have been asked by water resources
practitioners and by citizens as to whether human-built small
dams dispersed throughout the landscape create ecosystem ef-
fects similar to those of beaver dams.

We first review relevant ecological characteristics of Castor spp.
and their dams. We then review basic characteristics of the four
types of small human dams to which we compare beaver dams.
Finally, we compare and contrast the effects of individual beaver
and human dams and the potential cumulative effects of these
different types of dams at the catchment scale.

2 | Beavers and Their Works

Beavers are large, semi-aquatic rodents that build lodges of sedi-
ment and wood surrounded by a pre-existing lake or pond or by

a pond created by the backwater of a beaver dam on a flowing
stream. The animals can also dig dens into the banks of rivers
too large to dam. Beavers prefer to have the den entrance under-
water to deter predators (Baker and Hill 2003). This partly gov-
erns the characteristics of their dams with respect to height and
placement. An important consideration is that a beaver colony,
which consists of a mated pair and their offspring (totalling 2-12
animals) (Baker and Hill 2003), commonly builds multiple dams
in the river corridor. These dams can cross the main channel,
secondary channels, tributaries, and seeps and springs along the
valley margin. Many of the dams are not perpendicular to the
main flow direction (Table 1). Ronnquist and Westbrook (2021)
distinguished six types of beaver dams based on how water
flowed through or over the dam. They found that physical dif-
ferences in dam structure alter the dynamics and variance of
pond storage. We lump all beaver dams together in this paper
based on our understanding that the differences between beaver
and human-built small dams are likely to be greater than the
differences among beaver dams.

In a valley floor wide enough to host a floodplain, beavers
can create a beaver meadow (Ives 1942; Polvi and Wohl 2012).
Multiple beaver dams and ponds of varying ages within the bea-
ver meadow create a three-dimensional mosaic composed of
landscape patches of varying topography, substrate grain size,
soil moisture, and vegetation communities (Figure 1). As indi-
vidual dam-pond pairs are abandoned by the beavers, the ponds
gradually fill with mineral sediment and organic detritus. The
dams can be partially breached but remain as discontinuous
berms (1-1.5m tall) that become stabilized by vegetation such
as multi-stemmed willows (Salix spp.) (Wohl et al. 2022). The
irregularly varying floodplain topography of a beaver meadow
can be compared to a waffle iron or an egg carton. Individual
beaver meadows may be maintained by the beavers for hundreds
to thousands of years (Kramer et al. 2012; Polvi and Wohl 2012).

Beavers are recognized as both keystone species and ecosys-
tem engineers (Wright et al. 2002; Brazier et al. 2021) because
of their substantial effects on resource availability, including
habitat (Wright et al. 2002; Hood and Larson 2014) and nutri-
ents (Lazar et al. 2015; Puttock et al. 2017). Beavers also com-
monly increase biomass and biodiversity for a diverse array

TABLE1 | Basiccharacteristics of beaver dams versus human dams.

Beaver dams Human dams

Permeable Impermeable (except for
beaver dam analogues)
Transient/dynamic Persistent/static

Variable orientation Perpendicular to flow

Potential alternative surface
flow paths

Typically, no alternative

flow paths
11 River corridor patchiness 1 River corridor patchiness

May limit longitudinal
passage of aquatic organisms

Likely to limit longitudinal
passage of aquatic
organisms (except for
beaver dam analogues)
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FIGURE 1 | Details of beaver meadows. (A) The central photo shows an overview of a beaver meadow along North St. Vrain Creek (NSV),

Colorado, USA (flow from right to left). Inset photos clockwise from the upper left show (B) an active (recently built) beaver dam, Fall River, Colorado;

(C) multiple channels converging in the NSV beaver meadow (flow is toward the viewer); (D) a beaver path that is gradually becoming a small sec-

ondary channel, NSV beaver meadow; (E) return flow from the inundated floodplain spilling over the banks into the active channel at base flow

downstream from the beaver dam, Fall River; and (F) a relict, off-channel beaver dam in the NSV beaver meadow, with the former dam, now a veg-

etated berm, at right.

of organisms inhabiting and visiting the river corridor (e.g.,
Smith and Mather 2013; Hossack et al. 2015; Stringer and
Gaywood 2016). Recognition of the importance of beavers
has existed for centuries among indigenous peoples in North
America and Eurasia (Coles 2000) and western naturalists have
written of the environmental effects of beavers for more than
a century (e.g., Morgan 1868; Mills 1913). More recent scholar-
ship has systematically demonstrated how ecosystem modifica-
tions by beavers, mainly via herbivory and the construction of
dams and canals, influence each of the processes and variables
discussed in this paper (Grudzinski et al. 2020, 2022; Brazier
et al. 2021; Larsen et al. 2021; Wohl 2021).

3 | Human Dams

People build dams for diverse reasons, including water supply for
consumptive use, flood control, hydropower generation, milling
and grinding grain, erosion control, and maintenance of mini-
mum depth for navigation (Milliman 1993). More than 30,000
large dams (> 15m tall) and 300 major dams (> 150m tall) exist
on the world's rivers (Zhang et al. 2018), but a much greater
number of relatively small human-built dams also exist world-
wide. Large dams receive much attention for their fragment-
ing and homogenizing effects on rivers (e.g., Poff et al. 2007;
Grill et al. 2015; Spinti et al. 2023). Small dams can also lon-
gitudinally fragment rivers and alter hydrologic, sediment, and

nutrient connectivity, as well as the distribution and abundance
of habitat and biota (e.g., Chin et al. 2008; Liu et al. 2014; Fenci
et al. 2015). We consider four types of smaller dams built to (i)
mimic or replace beaver dams, (ii) power water mills, (iii) store
water and sediment and stabilize channels (check dams), and
(iv) create water sources for agriculture (stock ponds) (Figure 2).

The use of human-built beaver dam analogues (Pollock
et al. 2012; Lautz et al. 2019) largely dates to the early 21st cen-
tury and represents a response to the historic loss of beaver
populations and beaver dams throughout the northern hemi-
sphere (Pollock et al. 2014). Beaver dam analogues are typically
constructed on small, intermittent to perennial streams. These
structures are now being installed across the contiguous United
States, in the United Kingdom, and in some countries of western
Europe (Brazier et al. 2021; Wolf and Hammill 2023).

Mill dams existed on perennial channels and were abundant
and widespread across Europe and North America prior to the
20th century (Walter and Merritts 2008; Barraud 2017; Buchty-
Lemke and Lehmkuhl 2018; Brykata and Podgérski 2020).
These dams are no longer used to run water mills, and many of
the dams have breached through lack of maintenance or have
been deliberately removed (e.g., Kanehl et al. 1997; Chaplin
et al. 2005). Others remain in place, although we are not aware
of any systematic inventory of existing mill dams in a particular
region or across the world.
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FIGURE2 | Examples of types of human dams discussed here. (A) A mill dam in Pennsylvania, USA. (B) A river network with multiple earthen
embankments in semiarid southern Wyoming, USA. (C) A close-up of one of these embankments. (D) Check dams in the Alptal region of Switzerland.

(E) A beaver dam analogue in South Park, Colorado, USA.

Check dams of various materials have also been built for cen-
turies, primarily in relatively steep channels to control erosion
(Lucas-Borja et al. 2021). Check dams are especially common
in drylands and in steep terrain. They may be constructed of
relatively durable materials such as quarried rock or concrete,
or of materials as transient as hay bales or piles of woody brush
(Huzita et al. 2020; Pourghasemi et al. 2020).

Water-harvesting techniques in drylands (Rango and
Havstad 2011) have existed for centuries. These techniques
include the construction of earthen berms across perennial or
ephemeral water courses to create stock ponds or water supplies
for livestock. These structures are common in semiarid to arid
environments such as those in interior western North America
(Nichols et al. 2018), Africa (Wilson 2007), and Australia
(Markwell and Fellows 2008).

Human-built small dams are built to pond water upstream via
an impermeable or low-permeability barrier to downstream
flow (except beaver dam analogues, which are typically per-
meable); typically oriented perpendicular to the main flow di-
rection in a valley (Table 1); and designed to be persistent over
timespans of a few years to several decades, although check
dams in particular can fail within a few years in rapidly incising
channels (Lucas-Borja et al. 2018). Beyond these commonali-
ties, the details of human-built small dams can vary widely as
a function of dam height, dam purpose, and valley geometry,
as these influence the width, depth, and longitudinal extent of
the flooded area, as well as seasonal to interannual fluctuations

in water storage upstream from the dam (Merritts et al. 2011;
Szatten et al. 2023).

4 | Dam and Pond Characteristics
4.1 | Beaver Dams

Constraining the range of size distributions for dams and ponds
in any of the four categories being considered here is difficult be-
cause of the diversity of valley-floor and associated dam geometry.
Beavers generally prefer wide valley floors with < 6% stream gra-
dient, intermittent to perennial flow, and suitable and sufficient
riparian and wetland vegetation (Baker and Hill 2003). Beavers
build dams at sites where peak flows are less likely to destroy the
structure (Macfarlane et al. 2017); otherwise, they can dig stream-
bank dens along large rivers or build lodges in existing water-
bodies such as lakes. We have observed beaver dams on hillside
seeps, however, and immediately upstream from waterfalls and
on relatively narrow valley floors. The typical size range for dams
is ~5-70m long, 1-2m wide, and 1-2m tall, and reported dam
densities along streams range from 2 to 18 dams/km (Butler and
Malanson 1995). The largest reported dam is 775 mlong in a remote
area of Canada’s Wood Buffalo National Park (https://www.pc.gc.
ca/pn-np/nt/woodbuffalo/nature/beaver_gallery). The dam inun-
dates approximately 70,000m? of surface area and is estimated to
be about 1 m deep. Individual dams may be maintained by the bea-
ver colony for a single season or for several years, although there
is also evidence of continuous occupation of at least some dams
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and ponds for more than a century (Johnston 2015). Individual
beaver ponds can persist for at least 150years (Johnston 2015) and
beaver meadows can be occupied for at least 5000years (Kramer
et al. 2012; Polvi and Wohl 2012).

The commonly cited estimate is 60-400 million C. canaden-
sis in North America prior to European contact (Naiman
et al. 1988), with a distribution from the Arctic tree line south to
the US-Mexico border, except for parts of the arid Great Basin
(Pollock et al. 2015). Contemporary C. canadensis populations
are estimated in the range of 6-12 million individuals (Naiman
et al. 1988). Based on the earliest written descriptions of areas
in North America inhabited by C. canadensis, beavers were
likely ubiquitous in suitable habitat along smaller streams and
the floodplains of larger rivers. Contemporary Castor fiber pop-
ulation estimates in Eurasia are closer to 1.5 million individuals
(Halley et al. 2021). We were unable to find historical population
estimates for the Eurasian beaver, although the animals ranged
across the forested regions of Eurasia (Rosell et al. 2005).

4.2 | Beaver Dam Analogues

The use of beaver dam analogues is a relatively recent development
(e.g., Pollock et al. 2014; L. Lautz et al. 2019). No compilation of
projects is available for the northern hemisphere, although at least
300 projects have been undertaken in North America as of January
2024 (LT-PBR explorer, https://bda-explorer.herokuapp.com/proje
cts/map). The location, size, and spatial density of these dams are
typically designed to mimic real beaver dams. Only a single dam
is built at some sites, but more commonly multiple dams are built
in sequence along the active channel. Most dams are designed to
span the bankfull channel, rather than the entire floodplain. In
some projects, it is considered permissible or even desirable for the
channel to migrate laterally and flank the beaver dam analogue.
Beaver dam analogues are built to be overtopped and have varying
degrees of permeability. Typically, the structures mimic real bea-
ver dams in having a series of upright wooden posts anchored in
the streambed and banks, with smaller branches woven horizon-
tally between these posts (e.g., fig. 1 in Lautz et al. 2019), but details
of design can vary substantially between individual beaver dam
analogues (Scamardo and Wohl 2020). Beaver dam analogues are
likely to be built across the main channel in a valley and oriented
perpendicular to flow, so that their geometry and placement are
simpler and more consistent than those of beaver dams.

4.3 | Mill Dams

Although global compilations of abundance and distribution have
been published for large dams, we were unable to find analogous
information for mill dams, check dams, or embankment/stock
ponds. Mill dams have been built for millennia (Wikander 2000;
Angelakis et al. 2022; Szatten et al. 2023) but effective estimates
of the density of dams along individual rivers or within a region
can be challenging because of the burial or decay of ancient
structures (e.g., Clay and Salisbury 1990; Merritts et al. 2013).
Regional estimates for mill dams suggest locally very high densi-
ties on suitable streams (Bishop and Mufioz-Salinas 2013). Walter
and Merritts (2008), for example, inferred an average density of
0.14-0.15 dams per km? for the commonwealth of Pennsylvania,

USA, with some localities having 0.61 dams per km?. The com-
mon surname Miller and equivalents in other languages also
reflect the large number of mills once used in grinding grain,
sawing lumber and rock, and processing paper, textiles, and metal
products. Similar assessments for mill types and locations, many
dating to periods earlier than those in North America, have also
been reported from Europe (Brykata and Podgérski 2020). Not all
mills relied on a dam across an entire channel: on larger rivers,
water might be diverted into a millrace to turn a wheel and then
returned to the channel. Mill dams appear to have been typically
in the range of 2.5-3.7m tall in Pennsylvania, with the potential
to reduce flow velocity by 60% at least 1-3km upstream (Walter
and Merritts 2008).

4.4 | Check Dams

Check dams include a diverse array of structures composed of con-
crete, loose rocks, rocks in gabion baskets, wood, brush, and metal
that are built across channels, primarily with the intent of storing
sediment and controlling erosion but also sometimes for attenuat-
ing flash floods (Lucas-Borja et al. 2021). These are among the old-
est types of dams (e.g., Albinia 2010; Luzzadder-Beach et al. 2012)
and are widespread globally, especially in moderate to high-relief
environments and in drylands (Lucas-Borja et al. 2021). Check
dams are particularly abundant in Asia and Europe. Individual
dams are typically 3-7m tall and 1-5m wide, although the thor-
ough review by Lucas-Borja et al. (2021) documented check dams
15m tall and 200m wide. Although individual check dams exist, it
is more common to have multiple check dams in sequence along a
channel and across multiple channels in a river network. Reported
densities include 6 check dams per km? (Bombino et al. 2007), 1
dam per 3.9km of channel (Conesa-Garcia et al. 2007), and 22
dams per km of channel (do Prado et al. 2024). A quick Google
Earth-based reconnaissance of channels known to the authors to
contain check dams indicates densities of up to 10.2 and 14.9 dams
per km of channel at sites in Japan and 22 and 15.5 dams per km
of channel at sites in the mountains of Italy.

4.5 | Stock Ponds

Stock ponds are primarily designed to collect and store water in
water-limited areas. Water storage via collecting rainwater or sur-
face runoff utilizes many different techniques and structures, some
of which were developed thousands of years ago in the Middle
East and the Americas, and some of which were placed outside
of river networks (e.g., on hillslopes) (Lowdermilk 1960; Bruins
et al. 1986; Nichols et al. 2018); here, we only consider those built
on channels, including ephemeral channels. Stock ponds also very
effectively store sediment and at least a subset in the United States
is monitored by the US Department of Agriculture's Agricultural
Research Service as a source of information on sediment yields
from upstream catchments (Lane et al. 1997; Nichols 2006). Only
local estimates of stock pond density seem to be available, but
spatial density can approach two ponds per km? of contributing
area (Culler 1961) or two ponds per km of channel. The capacity
of stock ponds also varies enormously between ponds. One study
in the Cheyenne River catchment of South Dakota and Wyoming,
USA, inventoried ponds with capacities from 6660 to 440,350 m?
each (Culler 1961).
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FIGURE 3 | Schematic illustration of the distribution of different
dam types with respect to stream order (a surrogate for drainage area
and bankfull channel width) and stream flow regime. Gradients within
distribution ovals indicate that each type of dam is more common in the
lower stream orders.
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FIGURE4 | Schematic illustration of the fluxes of moisture that can
be enhanced by the presence of a dam and backwater. The background
photo is from a beaver dam and pond in South Park, Colorado, USA.

Stock ponds are a subset of the small impoundments (<2m tall
and mostly <0.5ha in ponded area) analyzed for the contermi-
nous United States in Renwick et al. (2005). This analysis re-
vealed 8-9 million ponds that capture an estimated 21% of the
drainage area in the conterminous United States. These small
impoundments, which are concentrated in agricultural areas,
can be built by private landowners and by government agen-
cies such as the Soil Conservation Service and have mostly been
constructed since the early 20th century, with thousands of ad-
ditional structures being built each year (Renwick et al. 2005).
There are no published estimates of stock pond age, persistence,
or duration of sediment retention, but the ponds presumably re-
tain all trapped sediment until the earthen berm is breached.

4.6 | Comparison Among Types

All types of dams and ponds considered here include substantial
overlap in their storage volume and in their maximum density
(downstream spacing) on suitable streams (Table S1). Beaver
damsand beaver dam analogues are likely to be less tall than mill
dams, many types of check dams, or the earthen embankments

of stock ponds. Mill dams, check dams, and earthen embank-
ments are more likely to extend across the entire valley floor
(Merritts et al. 2011) than individual beaver dams or beaver dam
analogues. All are built on relatively small streams, with stock
ponds most likely on first- to fourth-order channels, beaver dams
and beaver dam analogues on second- to fifth-order streams,
check dams on second- to fifth-order streams, and mill dams
on second- to sixth-order streams (Figure 3). Beaver dams and
beaver dam analogues are more common on intermittent and
perennial streams, mill dams on perennial streams, and stock
ponds on ephemeral and intermittent streams. Check dams are
particularly common along ephemeral streams but are also built
on intermittent and perennial streams.

5 | Dam Effects

As an obstruction to downstream fluxes within a river corridor,
a dam influences the dynamics of water, solutes, and particu-
late material (sediment, organic matter). By altering the fluxes
of material and the abundance and diversity of lotic, lentic, and
riparian habitat, a dam also influences the abundance and di-
versity of biota. This section briefly reviews these effects, but
the detailed effects of any particular dam depend strongly on
the characteristics of the dam and the biogeomorphic setting in
which the dam exists (Poff and Hart 2002).

5.1 | Water Balance and Three-Dimensional
Hydrologic Connectivity

The effects of natural beaver dams and ponds on hydrologic pro-
cesses have received more attention than those of beaver dam
analogues, mill dams, check dams, or stock ponds. For beaver
dams, the backwater upstream from a dam has lower velocity
and greater surface area than flowing water upstream or down-
stream. This can attenuate flood peak flows (Norbury et al. 2018;
Puttock et al. 2021). The dam backwater can enhance infiltration
and groundwater recharge (Westbrook et al. 2006) and create a
pressure gradient adjacent to the dam that enhances hyporheic
exchange flows (Ledford et al. 2023). The dam backwater can
also increase evaporation from the water surface and transpi-
ration from floodplain vegetation (Burns and McDonnell 1998;
Duesterhaus et al. 2008), especially because greater soil moisture
adjacent to the dam backwater can support mesic and wetland
vegetation with higher transpiration rates (Larsen et al. 2021)
(Figure 4). The water balance associated with a dam backwater
can vary substantially based on factors such as (i) volume, sur-
face area, surface cover (e.g., aquatic macrophytes), and water
temperature of the backwater; (ii) permeability of the underly-
ing sediment; (iii) evaporative demand; and (iv) vegetation type,
density, and moisture as these influence transpiration (Larsen
et al. 2021). It is important to note, though, that comprehensive
water balances at the reach-scale of a stream corridor have not yet
been conducted or published, so it is not possible to quantitatively
evaluate the effects of beaver dams, beaver dam analogues, and
other small, human-built dams on water balance.

The hydrologic effects of beaver dams can vary significantly
from those of human dams, however; limited study of old mill
dams, for example, indicates that the dam and backwater raise
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riparian groundwater levels upstream from the dam but do not
otherwise create the same subsurface hydrologic exchanges as
more pervious beaver dams (Sherman et al. 2022). Studies at
some beaver dams indicate that stream water enters riparian
sediment upstream from the dam and travels through the sub-
surface around the dam (e.g., Janzen and Westbrook 2011; Wang
et al. 2018). Sherman et al. (2022) did not observe this at mill
dams, perhaps because the impervious mill dams (constructed
with sculpted rocks) spanned the entire stream valley and
blocked downstream subsurface flow, and/or perhaps because
the fine-grained mill pond sediments (Peck et al. 2023) had low
hydraulic conductivity that precluded significant and sustained
flow through the sediment. As Sherman et al. (2022) noted,
valley-spanning mill dams are taller and more permanent than
beaver dams and may create a more persistent influence on
the amount and nature of riparian sedimentation. In the east-
ern United States, mill dams were also commonly built in rel-
atively wet environments with perennial stream flow at a time
when the removal of native upland vegetation for agriculture
increased sediment yields to stream corridors from upland soils
with substantial silt and clay content (e.g., Merritts et al. 2013).
Investigations of mill-dammed rivers in western Europe indi-
cate that mill-dam backwaters widened rivers, increased flood-
plain sedimentation, and increased the size of existing lakes
or initiated secondary lakes, sometimes creating flooding that
led to the abandonment of medieval rural settlements (Kaiser
et al. 2018). Subsequent removal of those dams caused a net
incision of the riverbed to a level below the original bed, re-
ducing floodplain-channel hydrologic connectivity (Maafl and
Schiittrumpf 2019).

The presence of a dam and backwater also alters three-
dimensional (longitudinal, lateral, and vertical) hydrologic
connectivity within a river corridor. As with other effects from
dams, the details depend strongly on dam characteristics. Dams
typically reduce longitudinal surface connectivity (Callow and
Smettem 2009; Burchsted et al. 2010; Lucas-Borja et al. 2021).
Dams may increase lateral connectivity by promoting overbank
flows and channel lateral migration or avulsion if the dam back-
water does not inundate the entire valley floor. Beaver dams
and beaver dam analogues, unlike mill dams, check dams, and
earthen embankments, typically increase overbank flows and
channel lateral movement (John and Klein 2004; Westbrook
et al. 2006). Beaver dams and beaver dam analogues can also
increase vertical connectivity by promoting hyporheic exchange
flows and groundwater recharge from the ponded water up-
stream from the dam (Lautz et al. 2006; Wegener et al. 2017;
Munir and Westbrook 2021). Impermeable human-built dams
that have accumulated fine sediment of low permeability in
their backwater, in contrast, may have limited vertical and lat-
eral (stream-riparian) hydrologic connectivity (e.g., Sherman
et al. 2022). On the other hand, occasional lenses or layers of
coarse sediments deposited upstream of the dams could allow
for some hyporheic exchange between the stream and riparian
sediments.

The effects of a dam can also vary with spatial scale. The
earthen embankments used to create stock ponds are common
in drylands, for example, where the pond can enhance recharge
locally but limit downstream recharge by decreasing surface
flow downstream, leading to deficits in downstream recharge

zones (Heller 1999). Mill dams can also limit downstream sur-
face flow and recharge, a scenario that Sherman et al. (2022)
described as the dam shadow effect. In channels of arid and
semiarid regions with flashy hydrology, sequences of check
dams may promote surface water retention and groundwater re-
charge (Agoramoorthy et al. 2016; Djuma et al. 2017; Zhao and
Wang 2021).

In summary, the limited comparisons in published literature
suggest that relatively permeable beaver dams tend to enhance
lateral and vertical hydrologic connectivity more than human-
built small dams, with the exception of beaver dam analogues.
Beaver dam analogues can enhance channel-floodplain and
channel-hyporheic hydrologic connectivity, especially when
these dams are built in sequence (Wade et al. 2020; Pearce
et al. 2021). Existing literature on the effects of dams on hydrol-
ogy typically focuses on a single aspect, such as the attenuation
of peak flows, water storage, or hyporheic exchange. Our review
of this literature reveals the need to develop more comprehen-
sive water budgets for reaches of river corridor containing one
or more dams, so that the cumulative and net effects of different
types of dams can be quantitatively evaluated and compared.

5.2 | Sediment

Sediment is deposited and stored in a dam backwater as long
as capacity is available. Consequently, as long as a beaver dam,
beaver dam analogue, mill dam, check dam, or earthen embank-
ment is intact, it traps some or all the sediment moving down-
stream and reduces longitudinal connectivity for this material.
Renwick et al. (2005) estimated that the volume of sediment
stored in small impoundments within the conterminous United
States could be comparable to the volume stored behind larger
dams that are included in the National Inventory of Dams. This
study included all types of small impoundments, although the
authors inferred that the impoundments included were “over-
whelmingly of human origin” (Renwick et al. 2005, 102).

Beaver dams can be very effective at storing sediment (Butler and
Malanson 1995; Wohl and Scott 2017). The volume of sediment
stored behind individual beaver dams relates to factors such as
dam height and pond size, as well as position within a sequence
where multiple dams are present in series along a channel (De
Visscher et al. 2014; Puttock et al. 2018; Dunn et al. 2024), but
the relative permeability and transience of individual beaver
dams are likely to result in backwater storage of smaller volumes
of sediment with a coarser grain-size distribution than present
in otherwise analogous human dams. A direct comparison of
the sources of sediment stored behind beaver dams and beaver
dam analogues in Alberta, Canada, indicated that terraces (56%
of sediment retained), uplands (23%), and beaver dam canals
(13%) dominated sediment sources for beaver dams, whereas
eroding stream banks (89%) dominated sediment sources for
beaver dam analogues (Westbrook and Cooper 2024). These
differences may reflect the predominance of eroding banks in
channels targeted for restoration using beaver dam analogues.
There is no documentation of downstream sediment deficits
that lead to enhanced channel erosion downstream from beaver
dams (Bigler et al. 2001), even when the dam was removed or
failed catastrophically (Butler and Malanson 2005). The limited
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documentation of sediment storage at beaver dam analogues
suggests much smaller volumes of stored sediment than those
associated with beaver dams, probably in part because of the rel-
atively recent construction of most beaver dam analogues exam-
ined thus far (e.g., Scamardo and Wohl 2020; Dunn et al. 2024).

Reduced longitudinal connectivity for sediment can create a
sediment-deficit that increases bed coarsening and/or erosion
of channel boundaries, especially downstream from a mill
dam, check dam, or earthen embankment (Kondolf et al. 2002;
Castillo et al. 2007; Bombino et al. 2008; Florsheim et al. 2013).
Contemporary mill dams are historical relics, and there is little
information on whether they caused downstream erosion when
first built. Downstream erosion might have occurred based
on documented channel responses downstream from more re-
cently constructed dams (Collier et al. 1996), although some de-
scriptions indicate that mill dams were so closely spaced that the
distance between the base of a dam and the backwater from the
next dam downstream was limited. It is also important in this
context to note that mill dams were commonly constructed at
the same time that native upland vegetation was being cleared
for agriculture, which resulted in increased sediment yields to
river corridors (Donovan et al. 2016), although the proportion of
this sediment stored in mill ponds depended on the size of the
dam and pond, the drainage area, and the downstream spacing
of mill dams.

The great majority of contemporary studies on mill dams focus
on breached dams and associated channel erosion within the
ponded sediment and downstream increases in sediment and
nutrient supplies. Sediment ponded behind mill dams can per-
sist for centuries to millennia. The volume of sediment that ac-
cumulates behind a dam depends on factors such as sediment
yield from the contributing area, trapping efficiency of the pond,
size of the dam (width and height), and length of time the dam
is present (e.g., Bishop et al. 2010; Johnson et al. 2023). The vol-
ume of sediment that persists after the dam is partly or com-
pletely eroded/decayed/removed depends on factors such as
whether the pond is on or off a contemporary active channel, the
erosional resistance of the ponded sediment versus the erosive
force of processes such as streamflow and freeze-thaw weather-
ing of the stream banks, the rate at which vegetation colonizes
and stabilizes the ponded sediment and the erosional resistance
added by the vegetation, and whether people choose to stabilize
or remove contaminated sediment associated with the pond
(Walter and Merritts 2008; Pizzuto and O'Neal 2009; Merritts
et al. 2013; Fajer and Rzetala 2017; Podgorski and Szatten 2020).
A commonly described scenario is accelerated erosion of ponded
sediment through both incision and bank erosion after dam re-
moval, along with downstream aggradation and bed fining (e.g.,
Lyons et al. 2015; Magilligan et al. 2016).

While the dam(s) is intact, the volume of sediment stored be-
hind mill dams, check dams, and earthen embankments gener-
ally reflects dam height and backwater size, slope of the stream
channel, sediment yield from upstream areas, position within
a sequence where multiple dams are present in series along a
channel, and trapping capacity and proportion of the backwa-
ter filled with sediment (Bombino et al. 2022). Check dams, in
particular, can very effectively trap sediment in areas with nat-
urally high sediment yields and rates of downstream transport

because they are designed for this purpose. Decreased sediment
load can lead to exacerbated erosion downstream (Lucas-Borja
et al. 2021) and has led to replacement of closed check dams
by “open” check dams that include large slits or slots designed
to pass finer sediment and water downstream (e.g., Armanini
et al. 1991; Schwindt et al. 2017) (Figure 5).

The net effect of beaver and human dams is to reduce longitu-
dinal sediment connectivity within a river. The relative mag-
nitude of this reduction can either cause downstream channel
erosion while the dam is present and downstream aggradation
caused by increased sediment supply after the dam is removed
(e.g., mill dams, some stock ponds) or can result in no substan-
tial change in downstream sediment dynamics (beaver dams).
A dam that increases lateral hydrologic connectivity within the
river corridor also increases lateral connectivity for particulate
material, which can create valley-floor aggradation (Westbrook
et al. 2011) and increase organic matter concentrations in flood-
plain sediments. Beaver dams are particularly effective in this
respect, although check dams can also create channel and
valley-floor aggradation (e.g., Bombino et al. 2014).

Galia et al. (2021) described an exception to the general trends
above. Multiple check dams built along a small, steep chan-
nel in the Czech Republic that was also straightened between
stabilized banks have filled with sediment since construction.
Longitudinal coarse sediment connectivity was greater in
this portion of the channel than in neighboring channels with
natural pool-riffle bedform sequences that created hydraulic
roughness.

In summary, dams typically store sediment and interrupt longi-
tudinal sediment connectivity. Although investigators typically
assess the interruption of longitudinal sediment connectivity
qualitatively (i.e., based on downstream channel erosion), ob-
servations from diverse studies suggest that beaver dams and
beaver dam analogues are least likely to create downstream
channel erosion, even though they can effectively store sedi-
ment (Figure 6). Beaver dams, beaver dam analogues, and check
dams are documented to have a greater potential to increase
valley-floor (floodplain) aggradation than other types of small,
human-built dams.

5.3 | Organic Particulate Material and Carbon

The lower velocity of a dam backwater results in the deposi-
tion of particulate material, including mineral sediment, or-
ganic matter, and materials adsorbed to sediment and organic
matter, such as phosphorus and/or heavy metals. The trapping
efficiency of the backwater depends on: (i) how the particulate
material is traveling—material moving in contact with the
streambed is more likely to be trapped than material moving in
suspension; (ii) the degree to which the dam reduces flow ve-
locity; (iii) the capacity to inflow ratio (Brune 1953); and (iv) the
water residence time (Churchill 1948; Lewis et al. 2013). These
generalizations apply to all types of small dams.

Particulate organic matter can accumulate and remain in-
tact during burial or can decompose within the backwa-
ter (e.g., Mbaka and Mwaniki 2017). Backwaters can also
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FIGURE 5 | Examples of different types of check dams. Upper left, open check dam in Italy; lower left, open check dam (although filled with
sediment) in Austria. Upper and lower right, low (~1 m tall) and high (~6m tall) closed check dams, respectively, in Japan. Lower center, a sequence
of closed check dams in Austria.
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FIGURE6 | Comparison of the published range of values for four attributes of small dams. Dark vertical lines indicate the range of values for each
dam type listed on the x-axis for each attribute.
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increase aquatic primary productivity and associated partic-
ulate organic matter derived from aquatic plants (Mendonga
et al. 2012), causing increased rates of particulate organic
matter deposition. Particulate organic matter transported
into a dam backwater by a stream, as well as organic matter
produced within the backwater, can influence organic carbon
storage within the stream corridor. Burial in sediment seques-
ters organic carbon in backwaters (Mendonca et al. 2017), but
a portion of the organic carbon deposited onto the sediment
surface in the backwater will be mineralized to either CO,
or CH, and emitted to the atmosphere via ebullition of CH,-
rich gas bubbles released from sediment or diffusive exchange
between water and atmosphere at the water surface (Sobek
et al. 2012). The balance between sequestration and emission
depends on factors such as

« annual primary productivity within the backwater (a func-
tion of nutrient availability, light intensity, and mixing
depth);

« diffusion ratesin relation to water temperature, with greater
rates typically observed for shallow water zones (Peeters
et al. 2019);

« input fluxes of allochthonous dissolved and particulate or-
ganic carbon from the upstream catchment;

« mineralization fluxes (via contributions from biological res-
piration and photochemical degradation);

« sedimentation rates (Peeters et al. 2019); and

« organic carbon passing from the backwater downstream
(Maavara et al. 2017).

Each of these controls can vary widely among individual
dam backwaters, but oxygen availability near the backwater
sediment appears to be a particularly important influence,
with oxic conditions promoting emissions rather than seques-
tration (Carey et al. 2018). For large reservoirs, the balance
between carbon source and sink depends on factors such as
productivity in the water body, land use, geology, water body
characteristics, and catchment morphometry (Phyoe and
Wang 2019). Relatively higher organic carbon burial rates are
predicted for lakes and reservoirs in warm and dry regions
(Mendonca et al. 2017). It is difficult to generalize from the
results of individual case studies of carbon balance in ponded
waters because most of these studies come from large reser-
voirs or lakes.

Studies of beaver ponds indicate higher organic matter content
in the sediment of older ponds (Butler and Malanson 1995) and
in beaver ponds with finer sediment (Rees et al. 2024). Dissolved
organic carbon in the backwater of beaver ponds becomes in
part recalcitrant when buried in sediments and is thus seques-
tered (Gatti et al. 2018). Carbon can also be emitted from beaver
ponds as methane and carbon dioxide but, as is the case with
large reservoirs (Wang et al. 2019), there is no unified method
for evaluating or predicting the balance of a ponded area as a
carbon source versus a carbon sink.

In general, the ability of beaver dams to increase water levels
in floodplains causes increased floodplain primary productivity

and greater concentrations of organic carbon in floodplain soils,
as well as carbon storage in pond sediments (Wohl et al. 2012;
Wohl 2013; Johnston 2014; Laurel and Wohl 2019). Newly in-
undated surfaces increase the concentration of dissolved or-
ganic carbon in the water, but this carbon can be released into
the atmosphere (e.g., Lazar et al. 2014; Smufer et al. 2023), es-
pecially where the water table is at or above the soil surface
(Johnston 2017); sequestered by vegetation; or accumulated in
sediment. The relative importance of these carbon pathways
can vary by pond age (Gatti et al. 2018; Nummi et al. 2018).
Consequently, present global estimates of the cumulative effect
of beaver ponds range from a source to a sink for organic carbon
(Nummi et al. 2018).

Few studies have been conducted thus far on the effects of beaver
dam analogues on carbon dynamics in river corridors. Existing
studies suggest the potential for enhanced carbon sequestra-
tion where beaver dam analogues are installed (Schultz 2023).
Significant changes in sediment carbon stock, however, may
require several years to develop (Hinshaw and Wohl 2023;
Neace 2023).

Mill dams, like beaver dams, can have complicated effects on
carbon dynamics. Comparing different former mill-dam back-
waters, for example, Pearson et al. (2016) found that mill dams
do not necessarily enhance floodplain sedimentation or carbon
storage but promote brief periods of methane flux to the atmo-
sphere. Other studies, however, indicate that the legacy sedi-
ments stored behind mill dams bury organic- and carbon-rich
pre-dam sediments and therefore limit the ecological services,
such as microbial cycling of elements, expected from these wet-
land soils (e.g., Walter and Merritts 2008; Weitzman et al. 2014;
Peck et al. 2022, 2023). The fine-grained texture of sediments
stored above mill dams could also potentially sorb and retain
greater amounts of organic carbon compared to coarser sed-
iments (Weil and Brady 2017) associated with beaver dams.
Removal of the mill dam can facilitate channel erosion and the
removal of carbon stored in sediment. Because most mill dams
are no longer intact, the gaseous emissions of different forms of
carbon from mill ponds have not received the level of attention
given to beaver ponds.

Examination of soil organic carbon in sediments behind check
dams indicates that sediment texture and distance from the
channel head influence organic carbon concentrations, with
decreasing concentrations at lower silt contents and greater
distances from the channel head (Qin et al. 2022). The number
of check dams, land use in the catchment, and climate also in-
fluence carbon storage at check dams (Lii et al. 2012). Limited
studies from different catchments indicate that check-dam sedi-
ments can sequester organic carbon (Zhang et al. 2016; Mongil-
Manso et al. 2019) or fail to do so relative to source soils (Liu
et al. 2017; Yao et al. 2022). We were unable to find any studies
of the effects of earthen embankments used for stock ponds on
organic matter storage and carbon sequestration. However, by
creating wetter zones with greater primary productivity and sat-
urated soils, these embankments may create local carbon sinks
along river networks.

In summary, the net effect of a dam on carbon dynamics will
vary with the presence or absence of the dam and the associated
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inundation of the backwater or exposure of backwater sediment.
The net effect of the dam also varies with catchment- and pond-
specific parameters. Consequently, generalizations regarding
the cumulative effect of multiple dams within a catchment or
region remain poorly constrained. However, the limited studies
thus far indicate that beaver dams, beaver dam analogues, mill
dams, and check dams can all increase carbon sequestration in
fluvial sediments as long as the dam remains intact and pond-
ing water. What is clearly needed now are more comprehensive
studies that develop a complete carbon budget for a river corri-
dor with one or more dams. This will facilitate comparison of
the effects of different types of dams on carbon sequestration
in sediment (or living organisms) versus gaseous emissions of
carbon.

5.4 | Nutrients

Nutrients in river water include phosphorus (P) and nitrogen
(N), which have received particular emphasis in studies ex-
amining problems related to excess nutrients. In general, the
balances among water and elements or chemical compounds
depend on

« water body temperature, solute chemistry, and water body
geometry (shallow vs. deep) and residence time;

- sedimentation amount, rate, and texture, including poten-
tial vertical, lateral, and longitudinal patterns of sedimenta-
tion within the water body;

+ sources of pore water in sediment, water flow paths, gra-
dients, direction, and residence or travel time (Sherman
et al. 2022), hyporheic and riparian groundwater exchange
(Inamdar et al. 2022); and

» saturation or lack of saturation within the sediment.

Phosphorus in river corridors can be present in organic or in-
organic forms and in dissolved or particulate forms (Records
et al. 2016; Inamdar et al. 2020). The forms of most concern
with respect to excess nutrients and water quality are soluble
reactive P (orthophosphate) and phosphate sorbed onto clays.
Phosphorus sorbed on clays travels with fine sediment and is
thus typically stored in all types of dam backwaters (e.g., Maret
et al. 1987 for beaver dams; Inamdar et al. 2022 for mill dam
legacy sediments). The dynamics of soluble reactive P may be
more complicated. A comparison of five beaver ponds in New
York, USA, for example, revealed substantial differences in the
effect of each pond on downstream P concentration in stream
water, with three ponds increasing soluble reactive P during
warmer months, one pond also increasing soluble reactive P
during an extended period of ice cover, and two ponds consis-
tently reducing downstream soluble reactive P at all times of the
year (Klotz 1998). These results likely reflect the occurrence of
anaerobic conditions and H,S production at ponds that increase
downstream soluble reactive P, although elevated levels of P
occur for only short distances downstream (Klotz 1998). The
ponds that did not increase downstream soluble reactive P had
a stream channel that passed through the middle of the pond,
bringing aerated water to most of the pond area and preventing
the creation of sizeable anaerobic zones.

Soil total phosphorus concentrations in clay-rich sediment accu-
mulated behind check dams in the Loess Plateau of China can be
elevated relative to other soils in the catchment, indicating that
the check dams create soil phosphorus sinks (Cheng et al. 2018).
Increased phosphorus absorption in check-dam sediments has
also been documented for sites in Iran (Asadzadeh et al. 2017)
and Spain (Mongil-Manso et al. 2019).

Phosphorus dynamics in downstream waters can also be altered
after dam removal exposes sediment accumulated in the back-
water, especially in the case of mill dams, which tend to store
greater volumes of fine-grained sediment than beaver dams.
Riggsbee et al. (2012) discussed the role of plant immobilization
of N and P from sediment, which is limited by the rate of plant
colonization relative to the rate of sediment dewatering. If dewa-
tering is faster than plant colonization, dam removal can create
an initial release of N and P from a dewatered reservoir, with
quantities influenced by the physical properties of the sediment,
such as specific yield and porosity. Specifically, coarse sediment
is typically nutrient-poor because low surface area limits avail-
ability for ion sorption and low porosity results in low interstitial
water volume and rapid dewatering rates (Riggsbee et al. 2012).
Mill-dam legacy sediments accumulated in streambanks can be
a source or sink for P in streams, depending on stream water P
concentrations and oxic/anoxic conditions in the bank (Inamdar
et al. 2020).

As with P, N in streams can move in dissolved or particulate
forms (Xia et al. 2018; Joshi et al. 2023). In the context of
dams, the N forms of ammonium (NH,*) and nitrate (NO3) re-
ceive the greatest attention (Akbarzadeh et al. 2019; Inamdar
et al. 2021). Backwaters at beaver ponds typically store ni-
trate via microbial N fixation in pond sediment (Naiman and
Melillo 1984) and in hyporheic exchange flows facilitated by
the presence of a beaver dam (Lautz et al. 2006). This can
lead to substantial reductions in downstream discharge of N
(Maret et al. 1987; Correll et al. 2000; Klotz 2010), even in
urban streams receiving sewer leaks (Ledford et al. 2023), al-
though the magnitude of the effect can be greater on smaller
streams (Bason et al. 2017). Beaver dam analogues can also
create hyporheic exchange flows and N dynamics similar to
those of natural beaver dams if a minimum hydraulic step
height is exceeded (Wade et al. 2020).

The dynamic nature of oxic-anoxic soils, along with the organic,
C-rich conditions upstream of beaver dams, can create favor-
able conditions for denitrification losses of nitrate-N (Larsen
et al. 2021; Murray et al. 2023). Denitrification is the microbial
process of reducing nitrate and nitrite to gaseous forms of ni-
trogen (Tiedje 1988; Giles et al. 2012). Denitrification may be
the largest net remover of N in some beaver ponds (e.g., Bason
et al. 2017) but may be relatively low in others (e.g., Lazar
et al. 2014).

For mill dams with less dynamic hydrology than beaver systems,
the effects on N dynamics for existing and removed dams are
complex (e.g., Lewis et al. 2021; Inamdar et al. 2021; Inamdar
et al. 2022; Peck et al. 2022; Sherman et al. 2022). Although nat-
ural riparian zones with variable water levels can be ideal en-
vironments for coupled nitrification-denitrification N removal
(Lowrance et al. 1997), the same may not be true for riparian
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systems upstream of existing mill dams (Inamdar et al. 2022;
Inamdar et al. 2024). Stagnant water levels and persistent an-
oxic conditions may depress nitrification, reduce denitrifica-
tion (Peck et al. 2022), and favor the occurrence of competing
reductive N processes such as dissimilatory nitrate reduction to
ammonium (DNRA, Burgin and Hamilton 2007). Depression of
nitrification and the occurrence of DNRA result in retention of
N as ammonium-N (Tiedje 1988; Inamdar et al. 2022). In addi-
tion, highly reducing soils associated with mill dams enhance
the reductive dissolution of iron, with subsequent release of or-
ganic carbon and nitrogen (Pan et al. 2016).

On the other hand, mill dam removals can reinstate the dy-
namic groundwater hydrologic conditions but also result in tall,
drained, and oxic riparian terrace soils (Merritts et al. 2011;
Lewis et al. 2021). These drained soils could facilitate oxidation
of the buried organic C and N and nitrification of the stored am-
monium-N, resulting in a release of nitrate to drainage waters
(Weitzman and Kaye 2017; Weitzman et al. 2014). This nitrate
could be released to stream waters or potentially intercepted by
anoxic soil conditions closer to the groundwater interface and
removed by denitrification N processes (Lewis et al. 2021). The
net effect of mill dams on N dynamics is thus complex, difficult
to quantify, and highly dependent on site-specific characteristics
(Inamdar et al. 2024).

Check dams and stock ponds have not received as much atten-
tion as beaver or mill dams with regard to N and P dynamics.
As in the case of P, sediment accumulated behind check dams
can have high concentrations of soil N and create N sinks
(Mongil-Manso et al. 2019), although some studies indicate that
check-dam construction induces a net N loss relative to source
soils, likely as a result of carbon oxidation during erosion from
the source areas and deposition behind the check dam (Liu
et al. 2017). The differences among studies appear to relate to
what type of soils are compared to the check-dam sediments
(e.g., forest, grassland, or agricultural soils), with soils under
native land cover typically enriched in N relative to check-dam
sediments. Differences among studies may also relate to dis-
tance downstream, with check dam sediments farther from
channel heads containing less nitrogen (Qin et al. 2022).

In summary, it is clear that the size of the dam and the nature of
the groundwater table (static or dynamic) have important con-
sequences for the cycling and fate of nutrients associated with
beaver and human-made dams. Beaver dams appear to facili-
tate hyporheic exchange and backwater sedimentation, with the
net effect of reducing P and N concentrations downstream from
most dam-pond pairs. Existing mill dams could have more com-
plex effects. Removal of these dams could facilitate more natu-
ral conditions that may be favorable for nutrient removals. Some
check dams provide P and N sinks, whereas others do not.

5.5 | Habitat

The backwater upstream from a dam can increase aquatic habi-
tat diversity within a river corridor (e.g., Wright et al. 2002; Smith
and Mather 2013) by altering the abundance and distribution of
water depth, velocity, clarity, temperature, and dissolved oxy-
gen and nutrients, as well as the characteristics of bed substrate

(grain size distribution, stability, nutrient content) (e.g., Graeb
et al. 2009; Smith and Mather 2013; Beall et al. 2022). Dams can
also fragment habitats and reduce connectivity within and along
a river corridor by creating barriers to migration and dispersal
for some species such as riparian vegetation that relies on hydro-
chory for propagule dispersal downstream (Jansson et al. 2000),
fish that cannot pass upstream or downstream beyond dams
(Liermann et al. 2012), or juvenile aquatic insects that rely on
downstream drift for dispersal (Abernethy et al. 2023). Most of
these restrictions on species movement caused by dams have
been documented for large dams, rather than the small dams
that are the focus here, but even a relatively small, imperme-
able mill or check dam can restrict species movement (e.g., Hall
et al. 2011). The net effect of a dam or series of dams on habitat
abundance and accessibility varies with the number and size of
the dams and their backwaters, as well as the species under con-
sideration and their dispersal abilities and specific habitat needs
(Poff and Hart 2002). Similarly, the abundance and diversity of
lotic (flowing water), lentic (ponded water), and riparian habitat
depend on the area, volume, and age distribution of the back-
waters created by dams (e.g., Ray et al. 2001; Graeb et al. 2009).

In general, beaver dams and ponds are noted as substantially
increasing habitat for a wide array of aquatic, riparian, and
terrestrial species (Larsen et al. 2021; Grudzinski et al. 2022;
Wilson and Bremner-Harrison 2025), including bacterial and
archaeal communities (Shannon et al. 2023), aquatic and
riparian plants (Willby et al. 2018), aquatic macroinverte-
brates (Hood and Larson 2014; Law et al. 2016), native fishes
(Smith and Mather 2013), amphibians (Romansic et al. 2021),
reptiles (Russell et al. 1999), riparian birds, waterfowl, wad-
ing birds, and raptors (Aznar and Desrochers 2008; Fedyn
et al. 2024), and both small (Sundell et al. 2021) and large
(Nummi et al. 2019) mammals. The important aspects of bea-
ver modifications that lead to these benefits are (i) the diverse
habitats on and within beaver dams (e.g., Rolauffs et al. 2001),
beaver lodges (e.g., Wilson and Bremner-Harrison 2025),
beaver ponds with varying degrees of hydrologic connectiv-
ity and infilling by sediment, and beaver canals (Grudzinski
et al. 2020), (ii) the permeability and alternative pathways
around beaver dams, which limit their effects on longitudinal
movements by organisms, and (iii) the transient nature of at
least some beaver dams relative to most small, human-built
dams. We have observed beaver dams that repeatedly breach
and are rebuilt over a period of multiple years, as well as bea-
ver dams that remain intact for multiple years. Overall, bea-
ver activities increase the diversity of habitats present within
a riverine habitat mosaic (Stanford et al. 2005) and greatly
increase the abundance of some habitats such as submerged
wood and secondary channels.

Although a smaller literature documents the effects of beaver
dam analogues on habitat abundance and diversity, the basic
effects of beaver dam analogues in creating lentic habitat, side
channels with hydraulic, thermal, and substrate diversity, and
increased organic matter accumulation replicate those of beaver
dams (e.g., Corline et al. 2023). However, direct comparisons of
beaver dams and beaver dam analogues suggest that beaver dam
analogues modify habitats in a way that only partially replicates
modifications associated with natural beaver dams (Wolf and
Hammill 2023). This may partly reflect the relative recency of
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beaver dam analogue emplacement relative to the length of time
that analogous natural beaver dams have been present along a
river corridor (Wolf and Hammill 2023).

Searches for literature on the effects of other types of dams on
habitat diversity do not result in nearly as long a list of stud-
ies as those for beaver dams. Among the dam types considered
here, mill and check dams and ponds likely add the least habitat
diversity to river corridors, based on the relative paucity of pub-
lished research on this topic. Mill dams can provide lentic habi-
tat for aquatic macroinvertebrates (Wood and Barker 2000; Hill
et al. 2017), especially in regions with extensive loss of natural
ponds and wetlands as a result of agricultural and urban land
uses. The presence of old mill ponds in relatively urbanized re-
gions, however, can limit their effectiveness as habitat. Habitat
effectiveness of these ponds depends on factors such as surface
area, depth, banks and margins, shade, shoreline irregularity,
water quality, presence of invasive species, and proximity to
other wetlands or green spaces (Oertli and Parris 2019).

Check dams can create wet meadow and riparian vegetation
habitat by storing relatively moist and fine-grained sediment
along valley-floor margins (e.g., Bombino et al. 2014; Hartman
et al. 2016; Zema et al. 2018). By altering water and sediment
fluxes downstream, check dams can create aquatic habitat di-
versity, although it is not clear how this relates to habitat di-
versity in otherwise analogous, undammed streams (Shieh
et al. 2007). Mill and check dams also create the greatest lim-
itations to longitudinal connectivity of habitat. Most organisms
seem to have little trouble moving around beaver dams (Pollock
et al. 2022). Stock-pond habitat in drylands is likely to be used
by wetland species that can move between ponds (e.g., frogs,
waterfowl). Mill and check dams, however, commonly limit lon-
gitudinal movements by aquatic species such as fishes in rela-
tively low-relief environments such as the coastal eastern United
States (Hall et al. 2011; Hogg et al. 2015), in which native fishes
never had to adapt to tall barriers along their migration routes.
In some regions, mill or check dams are simply too tall to allow
fish passage (e.g., Nagayama et al. 2020).

Stock ponds can create lentic and wetland habitat in otherwise
relatively dry environments, and this can benefit biota includ-
ing aquatic invertebrates (Hale et al. 2015), amphibians (Peltzer
et al. 2006), wetland birds (May et al. 2002), and waterbirds, es-
pecially where large ponds support structural diversity of veg-
etation and shoreline topography and water depth (Froneman
et al. 2001). However, this habitat can also support non-native
vertebrate predators (frogs, fishes) of aquatic invertebrates (Hale
et al. 2015). As described by Hale et al. (2015), stock ponds differ
from naturally occurring perennial stream pools in drylands in
that stream pools experience more severe flooding, erosion, and
deposition and are smaller than stock ponds. These character-
istics can support different species distributions in stock ponds
and natural pools in drylands.

In summary, the large array of studies on beaver-modified river
corridors, as well as the details of those studies, suggests that
beaver dams are more effective than human-built dams at creat-
ing diverse and abundant habitat within river corridors. Beaver
dam analogues, mill dams, check dams, and stock ponds can also
provide beneficial increases in habitat abundance and diversity,

but these are much less well documented than those associated
with beaver dams and appear to be less consistent between sites
and with respect to favoring native versus introduced biota. The
key differences between beaver dams and human-built dams
with respect to habitat appear to be related to two factors. First,
beaver dams typically do not create impermeable barriers to
the movement of surface and subsurface water, dissolved nutri-
ents, sediment, and particulate organic matter. This reflects the
tendency of beaver dams to fail or be abandoned and fall into
disrepair, as well as the fact that dams are not necessarily pres-
ent on the main channel in a river corridor but can be present
on secondary channels, tributaries, and seeps or springs asso-
ciated with groundwater upwelling or hyporheic return flows
across the floodplain. Second, multiple beaver dams and ponds
of differing ages and habitat characteristics can be present in a
beaver-modified river corridor. In contrast, human-built dams
are more likely to create persistent, impermeable barriers placed
in consistent locations perpendicular to flow in the main chan-
nel that result in limited increases in habitat abundance and di-
versity relative to undammed conditions. The detailed effect of
any dam—beaver or human-built—depends on both dam char-
acteristics and the effects of the dam relative to undammed con-
ditions at that particular site, but the effects of beaver dams on
aquatic and riparian habitat have received more attention than
the effects of small, human-built dams.

5.6 | Biota

The effects of a dam on individual species and biotic commu-
nities are analogous to the effects on habitat in that dams and
their backwaters can favor species that prefer ponded water
and aquatic-riparian edge habitat and thus potentially increase
biomass and biodiversity within a river corridor (e.g., Wright
etal. 2002; Law et al. 2016; Barnett and Adams 2021). Conversely,
dams and backwaters can also limit organism dispersal longi-
tudinally along a river corridor and thus decrease biomass and
biodiversity (e.g., Sor et al. 2023). The net effects vary with the
number and size of the dams and backwaters and the species
under consideration (e.g., Kanehl et al. 1997; Li et al. 2013). As
noted for habitat, the majority of published studies of the effects
of dams on aquatic and riparian biota focus on larger dams.

Studies of the effects of beaver modifications on biota tend to
focus on the abundance of a single species or group of related
species, such as frogs, or on the effects of beaver on river corri-
dor biodiversity of a group of organisms, such as aquatic mac-
roinvertebrates. These types of studies indicate that beaver
modifications nearly always increase the abundance of species
targeted for study and the biodiversity of organism groups, in-
cluding wetland (Willby et al. 2018) and riparian plants (Wright
et al. 2002), aquatic (Hood and Larson 2014; Law et al. 2016;
Nummi et al. 2021) and terrestrial invertebrates (Bush
et al. 2019), fishes (Smith and Mather 2013; Bylak et al. 2014),
amphibians and reptiles (Russell et al. 1999; Hossack et al. 2015;
Romansic et al. 2021), birds (Orazi et al. 2022; Fedyn et al. 2024),
and terrestrial and semi-aquatic mammals (Nummi et al. 2019;
Sundell et al. 2021; Graham and Goodenough 2024; Hooker
et al. 2024; Wikar et al. 2024). There are, however, examples of
beaver ponds enhancing the abundance of non-native species
(Gibson et al. 2015).
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There has been controversy around the topic of whether bea-
ver dams impede fish passage and thus the distribution, abun-
dance, and diversity of fishes (e.g., Burchsted et al. 2010; Kemp
et al. 2012). Although the consensus is gradually shifting toward
the net positive effects of beaver dams on fishes (e.g., Pollock
et al. 2022), the effects of beaver dams on fish passage provide
an example of the nuances of dam effects on biota. Examining
the effects of beaver dams on salmonid passage in tributary
catchments of the Logan River, Utah, USA, Lokteff et al. (2013)
found that beaver dams do not impede the movement of native
cutthroat trout (Oncorhynchus clarkii utah) and nonnative brook
trout (Salvelinus fontinalis) but impede the movements of some
individuals among invasive brown trout (Salmo trutta). Physical
characteristics of the dams, including height and upstream lo-
cation, as well as flow stage, affected the ability of salmonids
to pass dams, with brown trout hindered by low flows. Two
important considerations for fish passage in beaver-dammed
stream corridors are that (i) beaver dams frequently breach or
partly breach at least temporarily and (ii) in a wide stream cor-
ridor, other hydrologic pathways such as beaver canals may fa-
cilitate fish movement around, rather than over, beaver dams
(Cutting et al. 2018). Beaver dams in Nova Scotia, Canada, for
example, did not prevent upstream fish passage in most years,
but did limit (but not prevent) passage during dry years until the
beaver dam complex failed naturally (Taylor et al. 2010).

Almost no peer-reviewed studies have yet been published that
evaluate the effects of beaver dam analogues on any aspect
of biotic abundance or diversity. An exception is Wolf and
Hammill (2023), which found that beaver dam analogues sup-
port greater abundance and diversity of amphibians and fishes
than are found in undammed (unrestored) stream reaches, al-
though abundance and diversity values are generally less than
those in beaver-modified stream corridors. As the abundance
of beaver dam analogues and the time since their emplacement
both increase, presumably the literature documenting their ef-
fects on biota will expand.

The literature on biomass and biodiversity in the context of mill
dams predominantly focuses on increases in upstream fish bio-
mass and biodiversity following the removal of a mill dam (e.g.,
Doucette 2009; Hogg et al. 2015; Livermore et al. 2017). Mill
ponds and tailraces can provide good habitat for freshwater mus-
sels (Singer and Gangloff 2011; Hoch 2012; Ahlstedt et al. 2017),
although drought conditions can create complete mortality of
mussels in water-mill canals, in contrast to mussel populations
in nearby natural channels (Sousa et al. 2019). Simmons (2024)
found that sites upstream from mill dams in Indiana, USA, had
greater turtle diversity than sites downstream. What is perhaps
most noticeable is the highly limited number and range of peer-
reviewed studies on mill dams and biota relative to the number
of studies on beaver dams and biota.

Asnoted previously, check dams can trap sediment that provides
suitable habitat for riparian vegetation and comparisons of chan-
nel reaches with and without intact check dams indicate higher
riparian vegetation biomass around check dams in southern
Italy (Ricci et al. 2019) and South Africa (Schmiedel et al. 2017),
and greater vegetation diversity around check dams in south-
eastern Spain (Gonzilez-Romero et al. 2019). In this context,
it is important to remember that check dams are preferentially

placed in eroding river corridors that may have limited riparian
vegetation habitat away from the dammed areas. Investigation
of aquatic macroinvertebrate functional feeding groups in a
stream in Thailand indicated a shift toward collector-gatherers
in the fine sediment accumulation above dams and a shift to-
ward predators in dam ponds (Suriyawong et al. 2018), which
the investigators interpreted as “disturbing functional feeding
group distribution [in a way] that can lower stream functions”
(1384). Removal of check dams can increase upstream fish abun-
dance (Chang et al. 2017), as found for removal of mill dams.
On balance, check dams can increase riparian biomass and bio-
diversity in eroding channels but can also decrease upstream
aquatic organism passage and associated biomass and biodiver-
sity. The details of check dam design also matter. Comparison
of traditional check dams, morphologically based artificial steps
using large boulders, and unmodified mountain streams in Italy
indicated that natural streams had the highest aquatic macroin-
vertebrate taxa richness and diversity, whereas traditional check
dams had the lowest (Comiti et al. 2009).

Stock ponds tend to be fairly small, deep, and steep-sided relative
to natural water bodies and therefore contain less shallow edge
habitat (Brock et al. 1999). Stock ponds can nonetheless support
aquatic macroinvertebrates and aquatic macrophytes (Markwell
and Fellows 2008), as well as frogs (Hazell et al. 2004) and
waterbirds (Froneman et al. 2001). Stock ponds can thus help
to maintain regional biodiversity in heavily managed catch-
ments (Chester and Robson 2013), although details such as the
structural diversity of vegetation in and around the ponds exert
a critical influence on the biomass and biodiversity of aquatic
and other animals (e.g., Froneman et al. 2001). Fish, amphibian,
and crayfish abundance in stock ponds in the North American
prairie, for example, varied in relation to pond size, water per-
manency gradient, and interactions among species: smaller and
less permanent ponds were dominated by crayfish and amphib-
ians whereas larger ponds were dominated by stocked sportfish,
which tended to reduce the numbers of other organisms such as
amphibians (Pfaff, Hase, and Gido 2023). It is worth noting that
the studies documenting organisms supported by stock ponds
consistently stressed the importance of maintaining natural
water bodies, which can support slightly different species as-
semblages than those in stock ponds (e.g., Hazell et al. 2004). As
for the other types of small, human-built dams considered here,
there is a comparative dearth of peer-reviewed literature on the
effects of stock ponds on biomass and biodiversity.

In summary, beaver modifications of river corridors in the
form of dams, ponds, canals, and lodges appear to consistently
promote biomass and biodiversity by creating a much greater
diversity of aquatic and riparian habitats and by posing little
limitation to longitudinal movements by organisms. The very
limited studies published thus far on beaver dam analogues sug-
gest that they may create some of the same benefits for biota pro-
vided by beaver dams, although typically to a lesser degree that
may partly reflect the relatively recent implementation of beaver
dam analogues as part of river management. Mill dams can sup-
port greater biomass and diversity of freshwater mussels but can
also limit upstream fish populations. Check dams commonly in-
crease the biomass of riparian vegetation but can limit the abun-
dance of aquatic macroinvertebrates and fishes. Stock ponds can
increase biomass and diversity of aquatic macroinvertebrates,
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amphibians, and waterbirds, although the details of pond con-
figuration can strongly influence these effects. More studies are
needed that compare biomass and biodiversity associated with
small, human-built dams relative to biomass and biodiversity in
analogous undammed portions of river corridors.

5.7 | Integrated Effects

The alterations associated with any particular dam depend
strongly on site-specific interactions. Backwater volume, for
example, will reflect valley geometry and dam height, as well
as water and sediment inflows and outflows and, for water,
evaporation and infiltration from the backwater. Backwater
and sediment chemistry will reflect water temperature and bi-
otic alterations via organisms within the water column and in
the sediment. Nitrate uptake, as a specific example, depends on
backwater sediment grain-size distribution, water temperature,
and dissolved oxygen levels, microbial and aquatic macrophyte
communities, water residence time, nitrate concentration, and
hyporheic and/or groundwater exchanges (James et al. 2008;
Kreiling et al. 2011; Yang et al. 2021).

The site-specific interactions among numerous potential control
variables make it challenging to quantify or predict the effects of
any specific dam, as well as the cumulative effects of numerous
dams or series of dams within a catchment. Studies that have
begun to address integrated effects and the cumulative effects
of sequential dams, however, indicate that even small dams can
have substantial effects. Quantifying the spatial extent of altered
wetted width and channel substrate caused by six low-head
(1.2-3m tall) dams along the Neosho River, Kansas, USA, for
example, Fenci et al. (2015) found that the dams impacted more
than 47 km of river length, with each dam affecting, on average,
7.9 km of channel. In this analysis, the number of upstream dams
and distance to upstream dams, but not dam height, affected the
spatial extent of dam-induced alterations. More studies that con-
sider the cumulative effects of sequential dams of different types
would greatly facilitate the evaluation of net ecosystem benefits
or costs of such dams.

6 | Beaver Versus Human Dams: A Synthesis

Table 1 summarizes the basic characteristics of beaver dams and
human dams. Figure 6 provides ranges of commonly reported
parameters from existing literature (see also Table S1). Beaver
dams, beaver dam analogues, and mill and check dams allow
water flow over the top of the dam, at least during high river
stages. Beaver dams and beaver dam analogues are also likely
to be at least slightly porous and permeable and thus allow flow
through the dam. Embankment ponds are typically earth-fill
structures and are designed to be impermeable and resist over-
topping. Human dams are commonly intended to persist for
years to decades. Individual beaver dams can persist for decades
but are more likely to be used for only a few years before the
beavers move to another site in the stream corridor. One impli-
cation of this transience is the presence of multiple abandoned
beaver dams and ponds with differing stages of infilling and
water quality that increase habitat and biodiversity (Snodgrass
and Meffe 1998; Bonner et al. 2009; Sferra et al. 2017).

Human-built beaver dam analogues, mill dams, check dams,
and earthen embankments are intended to create a single dam
with a backwater, although there can be multiple dams in se-
quence along a stream. As noted earlier, beavers build dams
with diverse orientations relative to the general downstream
trend, and many of these dams may not be on the mainstem
channel. Beaver dam analogues may follow these patterns but
are more likely to be similar to other human-built dams with
regard to being in sequence on the mainstem. As noted with re-
spect to fish passage, beaver dams are more likely than human-
built dams (except for beaver dam analogues) to have secondary
channels that flank the dam and provide surface hydrologic
connectivity within the stream corridor.

One effect of beaver dams with variable orientation and lo-
cation is to substantially increase the patchiness of the river
corridor. Patches are discrete spatial units that differ from ad-
jacent units. The patchiness of the river corridor describes the
three-dimensional spatial heterogeneity of the corridor (Ward
et al. 1999; Beechie et al. 2006). Different criteria can be used
to delineate patches. In river corridors, patches typically differ
based on topography and vegetation community, which reflect
the geomorphic history of fluvial erosion and deposition, grain-
size distribution, soil moisture, and residence time of the un-
derlying substrate (Iskin and Wohl 2023). Disturbances such as
floods and fire alter the distribution of patches through time,
as expressed in the shifting habitat mosaic (Arscott et al. 2002;
Stanford et al. 2005). The transience of individual beaver dams
can also create a shifting habitat mosaic, especially in a beaver
meadow.

Human-built dams other than beaver dam analogues are likely
to impede fish passage. Hart (2004), for example, described fish-
ermen obtaining legislation to remove or modify mill dams that
prevented migratory fish from reaching their spawning grounds
in 18th-century America. However, backwaters associated with
human dams may benefit other types of aquatic organisms. Stock
ponds in relatively dry regions are commonly built on ephemeral
or intermittent channels, and the ponds vary from intermittently
wetted to perennial. Aquatic organisms may not be present in
these stream networks, or the ponds may create refuge pools and
additional habitat for aquatic species such as invertebrates and am-
phibians (e.g., Hale et al. 2015; Mims et al. 2020, 2023) and for wet-
land birds (May et al. 2002). Stock ponds can provide ecosystem
benefits where consumptive water use or climate change in dry-
lands has reduced the abundance of ponded water and wetlands in
river corridors. Mill ponds, even in regions with abundant surface
water (e.g., England) may provide rare lentic habitat along stream
corridors and support populations of organisms such as amphibi-
ans that prefer such habitat (Wood and Barker 2000). Mill ponds
can provide ecosystem benefits where stream corridor engineering
in wetter regions has reduced the presence of naturally occurring
river-wetland corridors (Wohl et al. 2021).

Each of the five types of dams considered here can alter river
corridors and river networks in ways that persist for decades to
millennia. As long as the dams themselves remain intact, they
can impede the downstream passage of materials and, in some
cases, longitudinal movements by organisms. After the dams
are breached, the remaining ponded sediment can alter river
corridor morphology and habitat upstream from the dam, as
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well as supplies of solutes and particulate material (sediment,
organic matter) to downstream portions of the river network.

Figure 7 conceptually illustrates the relative magnitude and ben-
efits of these persistent alterations. Although the assessments of
benefits and costs in this figure are qualitative, they are informed
by available knowledge as reflected in peer-reviewed papers sum-
marized here. These assessments lead us to order small dams from
generally most beneficial (beaver meadows with multiple dams) to
least beneficial (mill dams), recognizing that beaver meadows may
not be beneficial at some sites for infrastructure and human prop-
erty within the river corridor, and mill dams may be beneficial at
some sites where they impede upstream migration by invasive spe-
cies (Gangloff 2013) or provide lentic habitat in the river corridor.

7 | Conclusions

Despite numerous case studies on the local effects of individual
small dams of different types, river scientists and managers can-
not yet quantitatively predict the diverse catchment-scale effects of
adding (e.g., beaver dam analogues) or removing (e.g., mill dams)
multiple small dams. The hydrologic effects of numerous smaller
storage structures used in natural flood management in the United
Kingdom are just starting to be quantitatively evaluated using nu-
merical models (Hill et al. 2023; Follett et al. 2024), however, we
expect that this type of quantitative, catchment-scale, model-based
analysis will soon be extended to natural beaver dams and small,
human-built dams. At present, beaver reintroduction and con-
struction of beaver dam analogues are occurring in catchments
throughout the conterminous United States, the United Kingdom,
and Europe as a means of promoting catchment resilience to the
increasing frequency and magnitude of disturbances, including

beaver single

meadows beaver dam
Benefits I
Water storage +++ +
Sediment storage +++ +
Nutrient storage & uptake +++ +
Habitat abundance & diversity +++ +
Biomass & biodiversity +++ +
Restrict invasive species mobility
Carbon storage +++ +
Costs

Downstream water deficit
Downstream channel erosion

Downstream excess sediment/nutrients
(after breaching)

Gaseous C emissions = -
Reduced longitudinal biotic connectivity -

Support non-native vertebrate predators

floods, droughts, and wildfires. Earthen embankments continue
to be constructed in drylands to increase resilience to drought.
Check dams continue to be constructed, primarily for erosion con-
trol. Mill dams are mostly being removed to increase longitudinal
connectivity and fish passage and to improve safety or are falling
apart without human intervention to maintain aging dams.

To some extent, these interventions of building or removing
dams represent reach- to catchment-scale experiments, but such
experiments can enhance understanding and management only
if river scientists and managers monitor associated changes in
water, nutrients, particulate matter, habitat, and biota. Site-
specific monitoring—case studies—is critical to developing the
data that can inform and validate catchment-scale numerical
models and predictions. The limited number of citations for
some of the dam-related effects discussed in this paper reflects
the dearth of published information that we were able to find
on these topics. Specifically, we identified research gaps that in-
clude: (i) the effects of mill dams, remnant mill-pond sediments,
check dams, and dryland earthen embankments on local hypor-
heic exchange and local and downstream groundwater recharge;
(ii) the net effect of any type of dam or sequence of dams on ei-
ther the water balance or the carbon balance of a river corridor,
asreflected in backwater storage, groundwater recharge, hypor-
heic exchange, evaporation, transpiration, and base and peak
flows for water balance, and storage of dissolved and particu-
late inputs from upstream and from adjacent uplands, storage
of dissolved and particulate carbon, gaseous emissions, altered
primary productivity in the river corridor, and downstream out-
puts of dissolved and particulate carbon for carbon balance; (iii)
the effects of earthen embankments on phosphorus and nitro-
gen dynamics; and (iv) the reach- to catchment-scale cumula-
tive effects of multiple, sequential dams on any of the ecosystem

++ + +
++ ++ ++
+ + +
++ + +
++ +
+ 4+
++

FIGURE 7 | Illustration of the net benefits and costs of different types of dams considered in this paper. The types of dams are ordered by relative

benefit from left to right, with the most beneficial on the left. The number of + symbols under benefits and - symbols under costs indicate the likely

magnitude of the effect, from + or — for small effect to +++ or ——— for substantial effect. The inset photo for the earthen embankment is a Google

Earth view (with scale bar) for a stock pond in Wyoming.
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services considered here (water, nutrients, sediment, particulate
organic matter, habitat, biota).

We did not evaluate how effective different types of human-built
dams are at achieving their intended purposes. Rather, we eval-
uated their potential ecosystem effects relative to beaver dams
with the purpose of estimating whether small human-built
dams can provide ecosystem services analogous to those pro-
vided by beaver dams. Our analysis suggests that beaver dams,
and to a lesser extent beaver dam analogues, have a higher ben-
efit/cost ratio than human-built dams with respect to ecosystem
services, especially in intermittent to perennial streams. The
benefits of multiple beaver dams and ponds seem to arise pri-
marily from: (i) the simultaneous presence of dam-pond pairs
of differing ages that maximize habitat diversity and provide
migration pathways and refugia for diverse organisms; (ii) the
enhanced storage of surface and subsurface water, sediment, nu-
trients, and organic matter that results from maximizing lateral
and vertical connectivity across the entire river corridor, while
limiting longitudinal connectivity; and (iii) the redundancy of
multiple dams and ponded areas, which can reduce peak flows
and sediment transport if one dam fails. The inability of beavers
to dam large rivers suggests that management designed to pro-
tect and enhance the benefits created by beaver modifications of
river corridors should be targeted at relatively small streams and
at as many sites as feasible within the context of a larger river
catchment to substantially enhance catchment-scale resilience
to disturbance (Wohl 2024).
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Supplemental Table 1. Comparative values for selected dam characteristics [values in red brackets are total reported range]

Characteristic’

Beaver dam

Beaver dam analogue

Milldam

Check dam

Stock ponds

Contributing
drainage area
(km?)

3.4 (0.0045-103);
Dunn etal., 2024
6.5-178.7; Rees
etal., 2024

72; Green &
Westbrook, 2009
13-335; Nagle,
2024
[0.004-335]

5.9-443; Nagle, 2024
4.1, 8.1; Scamardo &
Wohl, 2020

710; Davee et al., 2019
1.6-9.4; Norman, 2020
2500; Orr et al., 2020
92; Hansen, 2024

12 (10-23); Dunn et al.,
2024

[1.6-2500]

Mostly <200 km?;
Bishop & Mufioz-
Salinas, 2013

77; Platt et al., 2024
1.8-100; Donovan et
al., 2016

[1.8-200]

12-415; Bombino et al.,
2022

0.3-27; Fang et al.,
2019

0.2; Zhao et al., 2017
0.01-4.4; Boix-Fayos et
al., 2008

5.7; Galiaetal., 2021
0.4-0.6; Nyssen et al.,
2004

0.34-1.6; Nichols, 2006
0.03-0.04; Polyakov et
al., 2014

[0.01-415]

0.08-10 km?;
Womack, 2012
0.5-2.3 km?; Neff,
1980

0.5 km?; Powell et
al., 2007

0.2-9.8 km?;
Gottschalk, 1947
[0.08-10]

Dam height (m)

0.4-1.0; Rees et

0.8 (0.3-1.6); Nagle,

2.4 (1.5-9); Merritts

<3to>15; Lucas-Borja

1.8-7.8 m; Womack,

al., 2024 2024 etal., 2013 etal., 2021 2012
0.6 (0.4-1.0); 0.2-0.8; Scamardo & 6; Platt et al., 2024 2.5(1.5-4); 2-4 m; Florsheim et
Nagle, 2024 Wohl, 2020 1.8-6.4; Donovan et | Pourghasemi et al., al., 2013
0.3-1.4; Wolf, 0.2-2; Wolf, 2023 al., 2016 2020 [1.8-7.8]
2023 [0.2-2] [1.5-9] 1-1.1; Galia et al., 2021
[0.3-1.4] 0.8-1.1; Nyssen et al.,
2004
[0.8-15]
Sediment 913 (6-5434); 1.2-4.1,1.1-3.2; 643; Bishop et al., 7364-13,490; Bombino | 114-437; Powell et
storage volume | Dunnetal., 2024 | Scamardo & Wohl, 2010 etal., 2022 al., 2007
(m3) 876-6355; Butler, | 2020 22,300 & 29,240 & 27 (0.2-238); Lucas- [114-437]

2012
98-842; Green &
Westbrook, 2009

0.6 (0.1-5.0); Hansen,
2024
12 (4-27); Dunn et al.,
2024

77,000; Merritts et
al., 2013
14,530-16,060; Platt
etal., 2024

Borjaetal., 2018
48-15,140; Boix-Fayos
et al., 2008




33-516; John &
Klein, 2004
11-5084; Butler &
Malanson, 1995
9-267;
Meentemeyer &
Butler, 1999

0, 34; Orr et al., 2020
[0-34]

[643-77,000]

155,849; Yafeng et al.,
2009

360-11,015; Nichols,
2006

[0.2-155,849]

Wohl, 2020

0.08 (Cochetopa
Creek, Colorado,
USA, Google
Earth survey
across entire
river corridor)
[2-18]

Westbrook, 2021

0.03; Davee et al., 2019
0.03, 0.04; Wolf, 2023
0.001-0.01; Orr et al.,
2020

0.02; Hansen, 2024
[0.1-4]

0.0003; Conesa-Garcia
et al., 2007

6-12; Polyakov et al.,
2014

[0.03-40]

[6-6355]
Spacing density | 0.03-0.18; Butler | 0.03; Broderius, 2021 0.0002-0.0006; 0.07-0.09; Lenzi & ~0.05-0.01;
(dams/100 m of | & Malanson, 0.02; Wade et al., 2020 | Merritts et al., 2013 Comiti, 2003 Florsheim et al.,
river) 1995 0.01, 0.03; Scamardo [0.02-0.06] 0.01; Galia et al., 2021 2013

0.04; Wolf, 2023 and Wohl, 2020 0.3-0.4; Nyssen et al., 0.05-0.22

0.02; Kornse & 0.01; Munir & 2004 [0.05-0.2]

"where reference includes multiple dams, median value is given with range in parentheses

2 stock ponds are more likely to be reported in densities of dams per km?; these linear values were obtained using Google Earth to identify

stock ponds & measure streams lengths in semiarid regions of Colorado and Wyoming, USA
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