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Beavers (Castor canadensis) have not been adequately included in critical zone 
research, yet they can affect multiple critical zone processes across the terrestrial-
aquatic interface of river corridors. River corridors (RC) provide a disproportionate 
amount of ecosystem services. Over time, beaver activity, including submersion of 
woody vegetation, burrowing, dam building, and abandonment, can impact critical 
zone processes in the river corridor by influencing landscape evolution, biodiversity, 
geomorphology, hydrology, primary productivity, and biogeochemical cycling. 
In particular, they can effectively restore degraded riparian areas and improve 
water quality and quantity, causing implications for many important ecosystem 
services. Beaver-mediated river corridor processes in the context of a changing 
climate require investigation to determine how both river corridor function and 
critical zone processes will shift in the future. Recent calls to advance river corridor 
research by leveraging a critical zone perspective can be strengthened through 
the explicit incorporation of animals, such as beavers, into research projects 
over space and time. This article illustrates how beavers modify the critical zone 
across different spatiotemporal scales, presents research opportunities to elucidate 
the role of beavers in influencing Western U.S. ecosystems, and, more broadly, 
demonstrates the importance of integrating animals into critical zone science.
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1 Introduction

The river corridor– comprised of the channel, floodplain, and hyporheic zone (Harvey 
and Gooseff, 2015; Wymore et al., 2023) – plays a fundamental role in landscape evolution, 
material transport, and resource provisioning. These are all important processes in the critical 
zone (CZ), which extends from the underlying bedrock to the vegetation canopy (Brantley 
et al., 2007). Approaching the study of the river corridor through the lens of CZ science is 
useful for conducting effective research across spatiotemporal scales. Indeed, the CZ exerts 
strong controls on river corridor processes – such as interactions of the geologic template with 
climate dictating river corridor structure and function (Wymore et al., 2023). While CZ 
research in the river corridor has advanced significantly in recent years, more CZ studies 
should incorporate the role of animals, particularly in shaping the river corridor.

The North American Beaver (Castor canadensis) is an exemplary species for exploring how 
animals can create fundamental changes to CZ processes in the river corridor. Beavers modify 
geomorphological, hydrological, ecological, and biogeochemical processes over time and their 
activity creates amplifying feedbacks. For example, when beaver dams split river flows, they 
create multiple flow paths for other beavers to dam and split again (Polvi and Wohl, 2012). 
Here, we argue that macrofauna exert important controls on CZ processes, and we use beavers 

OPEN ACCESS

EDITED BY

Aleksandar Valjarević,  
University of Belgrade, Serbia

REVIEWED BY

Jelena Golijanin,  
University of East Sarajevo, 
Bosnia and Herzegovina
Nikola Milentijević,  
University of Pristina, Serbia

*CORRESPONDENCE

Clifford Adamchak  
 clifford.adamchak@colorado.edu

RECEIVED 17 December 2024
ACCEPTED 28 January 2025
PUBLISHED 12 February 2025

CITATION

Adamchak C, Lininger KB and Hinckley E-LS 
(2025) Animating the critical zone: beavers as 
critical zone engineers.
Front. Water 7:1547094.
doi: 10.3389/frwa.2025.1547094

COPYRIGHT

© 2025 Adamchak, Lininger and Hinckley. 
This is an open-access article distributed 
under the terms of the Creative Commons 
Attribution License (CC BY). The use, 
distribution or reproduction in other forums is 
permitted, provided the original author(s) and 
the copyright owner(s) are credited and that 
the original publication in this journal is cited, 
in accordance with accepted academic 
practice. No use, distribution or reproduction 
is permitted which does not comply with 
these terms.

TYPE Perspective
PUBLISHED 12 February 2025
DOI 10.3389/frwa.2025.1547094

https://www.frontiersin.org/journals/Water
https://www.frontiersin.org/journals/Water
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/frwa.2025.1547094&domain=pdf&date_stamp=2025-02-12
https://www.frontiersin.org/articles/10.3389/frwa.2025.1547094/full
https://www.frontiersin.org/articles/10.3389/frwa.2025.1547094/full
mailto:clifford.adamchak@colorado.edu
https://doi.org/10.3389/frwa.2025.1547094
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/Water#editorial-board
https://www.frontiersin.org/journals/Water#editorial-board
https://doi.org/10.3389/frwa.2025.1547094


Adamchak et al. 10.3389/frwa.2025.1547094

Frontiers in Water 02 frontiersin.org

in the river corridor as an example. Joining previous research 
highlighting the importance of animals (Schmitz et  al., 2014), 
we  present a framework for integrating beavers into CZ science. 
We first, briefly describe the ways that beavers modify the CZ across 
spatial and temporal scales, and then present opportunities for 
incorporating beavers into CZ studies within Western U.S. ecosystems. 
Although we do not present a full review of the impacts of beavers on 
the critical zone (e.g., Larsen et al., 2021; Brazier et al., 2021), this 
perspective aims to highlight the need for including animals in 
integrative CZ studies.

Beavers forage and fell large wood and other organic material to 
use as their food supply, as well as in the construction of dams and 
lodges (Brazier et al., 2021). These structures are supplemented with 
sediment from their ponds and the surrounding floodplain (Larsen 
et al., 2021). Beaver dams can attenuate river flows and retain water, 
sediment, nutrients, and carbon; reverse channel incision; and 
increase channel-floodplain connectivity (Naiman et al., 1994; Pollock 
et al., 2014; Rees et al., 2024). Ponds force water across the floodplain, 
increasing the potential for anoxic soil conditions and hydrological 
connectivity both laterally and vertically (Westbrook et al., 2006). 
Together, these changes can promote the formation of more abundant 
niche habitats and increase concentrations of bioavailable nutrients 
(Larsen et  al., 2021). Over decadal timescales, beavers can create 
meadows, which are typically low-gradient valleys with multi-thread 
channels and connected ponds (Levine and Meyer, 2014; Polvi and 
Wohl, 2012). Changing river corridor morphology increases the 
capacity of streams to attenuate extreme flows and release stored water 
via base flow during dry periods (Jordan and Fairfax, 2022; Macfarlane 
et al., 2017; Wegener et al., 2017). Beavers commonly create a complex 
mosaic of eco-geomorphic units, or patches with distinctive elevations 
relative to the channel, grain size characteristics, and vegetation 
assemblages (Fryirs and Brierley, 2022; Laurel and Wohl, 2018).

Beaver populations have rebounded since their near extirpation in 
the 19th century and their return comes under a unique set of 
conditions. Beavers are now a part of landscapes where human activities 
have drastically modified the vast majority of U.S. river corridors, and 
climate change has altered precipitation and streamflow patterns 
(Reuss, 2004; Morrison et al., 2023). Water resources are strained from 
intensive demand in water-scarce regions, and water quality 
degradation is associated with fertilizer and pesticide dispersal (Reuss, 
2004; Wohl et al., 2017). Human impacts have caused deleterious effects 
on river corridors, contributing to an increase in river restoration 
efforts (Bernhardt et al., 2005; Whigham, 1999). Beavers, and their 
associated impact on river corridors, often coincide with river 
restoration goals (Bernhardt et al., 2005; Curran and Cannatelli, 2014) 
and are being introduced for rewilding and restoring riverways across 
the U.S. (Cluer and Thorne, 2014; Larsen et al., 2021; Law et al., 2017; 
Puttock et al., 2017; Westbrook et al., 2020). Despite a growing body of 
research across the fields of ecology, hydrology, biogeochemistry, and 
geomorphology that includes beavers, their role in the evolution of, and 
linkages within, the CZ has received insufficient attention in 
interdisciplinary CZ research, particularly at the regional scale. The 
challenges associated with large-scale research have limited a holistic 
understanding of the potential benefits and challenges associated with 
a beaver-dominated landscape. Expansion of beaver populations can 
result in human-beaver conflicts (Pilliod et al., 2018; Siemer et al., 
2013). Studies are mixed, but beaver dams may negatively impact some 
fish populations by impeding migration (Mitchell and Cunjak, 2007) 

or creating thermal stressors (Johnson-Bice et al., 2018); other studies 
have shown beaver dams do not negatively impact fish passage and can 
reduce thermal stress by increasing groundwater inputs (Johnson-Bice 
et al., 2018; Dittbrenner et al., 2022; Weber et al., 2017). Although there 
may be some limited negative impacts of beaver reintroduction and 
population expansion, landscape changes caused by the loss of beavers 
in the 19th century, including river incision, depleted aquifers, lower 
plant and animal biodiversity, erosion, and changes in element balances 
(Law et al., 2016; Wohl et al., 2017), indicate the return of beavers will 
likely have significant positive effects on river function.

Increasing beaver populations further underscores the importance 
of highlighting animal influences on the CZ. To our knowledge, there 
has not been a comprehensive, large-scale population survey of beaver 
populations in North America, South America, or Eurasia, but there 
have been significant efforts to estimate population growth using 
mapping, literature reviews, field observations, and modeling. In 
North America, beaver populations have been increasing since the 
19th century (Naiman et al., 1988) with some estimates indicating 
approximately 30 million individuals in 2000 (Whitfield et al., 2015). 
In South America, 50 North American beavers were introduced to 
Tierra Del Fuego in 1940 by the Argentine government. That initial 
population has grown to an estimated 100,000 individuals in 2008, 
and their activity promotes the encroachment of invasive species 
(Choi, 2008), although there is evidence that they can provide 
ecological benefits to some native species (Arismendi et al., 2020). 
Skewes et  al. (2006) estimated that the beaver population on the 
Chilean side of Tierra Del Fuego was 60,000 individuals with a land 
colonization rate of 2.6–6.3 km/year. Beaver populations in Eurasia 
are estimated at 1.5 million individuals in 2020 and have rapidly 
expanded their range since 2000 (Halley et al., 2021). Poland saw an 
increase from 1,000 individuals in 1987 to around 120,000 in 2017 
(Wróbel and Krysztofiak-Kaniewska, 2020). Together, the research 
suggests that beaver populations are expanding on all continents, 
creating ecological implications both for newly colonized and 
recolonized areas.

2 Beavers’ influence on the critical 
zone in space and time

2.1 Overview

Beavers change molecular, pond, and reach scale river processes, 
creating the foundation for changes that, over time, can lead to the 
evolution of CZ processes, and even the structure of the CZ, at 
watershed and regional scales (Figure 1). Past review articles have 
summarized the effects beavers have on the river corridor (Brazier 
et al., 2021; Larsen et al., 2021). Here, we focus on how molecular-to-
reach scale beaver activity has the potential to affect regional scale CZ 
processes. The cumulative, multi-scalar effects of beaver activity could 
play a key role in buffering severe climate and human pressures.

2.2 Molecular scale

Beaver ponds function as maintained wetlands, where inundation 
and enhanced microbial activity deplete dissolved oxygen, stimulating 
anaerobic microbial metabolisms and the use of alternate electron 
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acceptors (Larsen et  al., 2021). The reduced redox state alters the 
production, storage, and export of nutrients, carbon, and metals, with 
potential implications for water quality (Briggs et al., 2013, 2019). 
Additionally, beaver activity in the river corridor enhances 
geomorphic complexity, creating a diverse mosaic of eco-geomorphic 
units that provide variable redox conditions (Murray et al., 2023). The 
dominant drivers of biogeochemical change are the submersion and 
retention of organic material, attenuation of water and sediment flows, 
expansion of anoxic and reducing conditions, increased lateral and 

vertical hydrological connectivity, and enhanced microbial activity 
(Battin et al., 2016; Cirmo and Driscoll, 1993, 1996; Driscoll et al., 
1998; Janzen and Westbrook, 2013; Laurel and Wohl, 2018; Levanoni 
et  al., 2015; Roy et  al., 2009a). Biologically mediated processes 
combined with submerged organic matter stimulate the reduction of 
reactive elements such as nitrate and sulfate (Cirmo and Driscoll, 
1993; Larsen et al., 2021). Murray et al. (2023) demonstrated that 
beaver ponds can be a sink or source of nitrate depending on the 
season, while others have shown that ponds limit the inflow of nitrate 

FIGURE 1

Conceptual model of the scales of influence (far left column) beavers have on the critical zone. The center left column depicts landscapes at different 
scales without beavers and the center right column with beavers. Example research opportunities are highlighted in the far-right column.
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but export ammonium (Cirmo and Driscoll, 1993). In regions where 
nitrate is in excess (e.g., 1,000 kg km−2), beaver ponds can significantly 
reduce concentrations via denitrification, acting to improve water 
quality (Lazar et al., 2015).

Conversely, the reduction of sulfate and availability of inorganic 
mercury can stimulate the production of methylmercury (MeHg), a 
neurotoxin that bioaccumulates and magnifies in food webs (Driscoll 
et  al., 1998, 2013). In an unimpounded, aerated stream, mercury 
predominately stays in its oxidized form and is rapidly transported 
downstream. In a beaver-dominated stream, the increased water 
residence time facilitates the production of MeHg in the anoxic 
sediments, remobilization of MeHg into the water column, and 
assimilation of dissolved and particulate MeHg into biota (Figure 1). 
Further, the growth and decomposition of autochthonous vegetation 
in the beaver ponds results in increased availability of inorganic 
mercury and labile carbon that can lead to mercury methylation 
(Figure 1). However, variable rates of MeHg production have been 
observed in ponds of different ages (Driscoll et al., 1998; Levanoni 
et al., 2015; Roy et al., 2009a,b). Enhanced MeHg production, storage, 
export, and bioavailability may have negative implications for water 
quality and ecosystem health (Painter et  al., 2015). Mercury 
methylation is not unique to beaver ponds, but rather all water bodies 
that host similar conditions, including wetlands, lakes, reservoirs, and 
estuaries. These aquatic environments can experience higher rates of 
mercury methylation, particularly because the global mercury pool 
has been increasing since the preindustrial era (Streets et al., 2019). 
Importantly, the magnitude of demethylation rates (i.e., MeHg 
removal) in beaver ponds are not well quantified and could 
significantly reduce the health risk of mercury exposure for wildlife 
and people (Levanoni et al., 2015). Other elements have similarly 
complex cycles in beaver ponds, and quantifying the dynamics will 
enhance our understanding of the controls that beavers have on the 
molecular scale, with potential impacts for downstream water quality.

2.3 Pond scale

Beaver dams change hydrological and geomorphic connectivity 
within the river corridor by attenuating incoming fluxes of water, 
sediment, organic material, and nutrients (Larsen et al., 2021). These 
changes can increase the physical complexity of the river corridor and 
change element balances. Past studies demonstrate that beavers can 
reduce peak discharge by up to 30% (Puttock et al., 2017) and annual 
discharge by 8% (Correll et al., 2000). Beaver dams force water onto 
the floodplain, increasing lateral connectivity (Brazier et al., 2021) and 
elevating evapotranspiration; the latter can be by as much as 50–150% 
in riparian areas ranging in size from 476 to 1,029 km2 (Fairfax and 
Small, 2018; Woo and Waddington, 1990).

Sediment retention, saturation of floodplain soils, and increased 
pressure gradients from pond creation can promote hyporheic 
exchange between the groundwater and surface flows (Janzen and 
Westbrook, 2013; Lautz et al., 2006; Tonina and Buffington, 2009). 
These physical changes can increase solute residence time by up to 30% 
(Lautz et al., 2006). Enhanced vertical connectivity and water residence 
time can raise the riparian water table via increased infiltration (Briggs 
et al., 2012; Polvi and Wohl, 2013; Westbrook et al., 2006; Wohl et al., 
2017) and promote recharge pathways (Larsen et  al., 2021). The 
formation of these ephemeral ponds on the landscape mediates the 

confluence of intersecting flow paths and the retention of 
complementary reactants. The result is biogeochemical hotspots within 
the river corridor that create novel pathways for element cycling 
compared to an unimpacted stream reach (McClain et al., 2003).

Beaver ponds promote deposition of sediment and associated 
constituents (e.g., organic material, nutrients, solutes) by reducing flow 
velocities within the channel (Pollock et al., 2007; Rees et al., 2024). Flow 
deflection due to pond creation can also promote bank erosion. Beavers 
can displace significant amounts of soil into the floodplain via 
excavation of canals and burrows (Hood and Larson, 2015). Naiman 
et al. (1986) found significantly greater sediment retention in a beaver 
pond (125 kg m−2) compared to a riffle without beaver ponds (1 kg m−2). 
Pond sedimentation rates are variable, with estimates of 0.4–47 cm year−1 
(Butler, 2012; Meentemeyer and Butler, 1999; Naiman et  al., 1986; 
Nummi et  al., 2018; Rees et  al., 2024). Associated with sediment 
deposition, McCreesh et al. (2019) showed that ponds were sinks for 
carbon and nitrogen Naiman and Melillo (1984) estimated that a beaver 
pond accumulated ~103 times more nitrogen than an undammed riffle. 
A summary of the effects of ponding are illustrated in Figure 1, where 
the beaver pond has greater evaporation, gaseous emission, 
sedimentation rates, organic matter deposition, enhanced vertical and 
lateral hydrologic connectivity, and mixing and mineralization 
compared with the unimpounded stream. The process changes that 
beavers make to river corridors at the pond scale, combined with the 
amplification of these changes across multiple ponds, establish the 
foundation for regional scale alterations to CZ processes.

2.4 Reach scale

Beaver activity can modify river corridor form, sediment and 
carbon storage, water dynamics, and vegetation communities at the 
reach scale. Beavers can create beaver meadows, which are typically 
low-gradient, multi-thread areas with numerous ponds, rich organic 
soils, and wetland vegetation (Gurnell, 2016; Ruedemann and 
Schoonmaker, 1938). Beaver meadows are hydrologically complex 
(Grudzinski et al., 2019; Hood and Larson, 2015; Larsen et al., 2021; 
Woo and Waddington, 1990), with changing surface and subsurface 
connectivity that varies with seasonal flows (Gurnell, 2016). Figure 1 
illustrates how a beaver-dominated reach will differ from an 
unimpounded reach, with the former hosting multi-thread channels, 
a greater diversity of vegetation, and a heterogeneous landscape with 
ponded water disconnected from the main channel. Beaver dams 
increase reach-scale water residence time (Puttock et al., 2017), which 
promotes sediment trapping (Levine and Meyer, 2014). Dams are 
permeable; for example, through overtopping, flow through porous 
dams, or seepage below the structure, rivers may experience increased 
base flows during dry periods (Hood and Bayley, 2008; Puttock 
et al., 2021).

Together, the changing water and sediment dynamics can 
promote river meandering, resulting in multi-thread channel 
patterns (Levine and Meyer, 2014; Polvi and Wohl, 2012). 
According to Polvi and Wohl (2012), distributed flow paths and 
lower velocities can lead to greater fine sediment deposition in 
the banks and floodplains, increasing bank cohesion via fine 
sediment deposition and riparian vegetation growth. In addition, 
beaver dams can cause avulsions and side channel formation, 
resulting in multiple surface flow paths (Polvi and Wohl, 2013).
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Sequential beaver dams promote feedback loops that further 
enhance dissipation of stream energy, hydrologic connectivity, and 
sediment/organic matter retention (Gurnell, 2016). Dissolved and 
particulate nutrients are also retained and increase primary 
productivity (Gurnell, 2016). Niche aquatic habitats form in beaver-
dominated river corridors due to pooling, warmer water, increased 
nutrients, and enhanced light availability, thereby increasing 
biodiversity (Pollock et al., 2003; Polvi and Wohl, 2013; Rosell et al., 
2005; Westbrook et al., 2011; Wohl et al., 2017). For example, both 
McDowell and Naiman (1986) and Ford and Naiman (1988) found a 
greater density of invertebrates in beaver ponds compared to an 
unimpacted riffle due to the soft bottom sediments in the pond 
promoting growth. Together, the impacts of beavers on the river 
corridor – wetter reaches, increased plant and animal diversity, and 
the creation of refugia  – strengthen landscape resilience against 
drought, floods, and wildfire (Fairfax and Whittle, 2020; Nyssen 
et al., 2011).

Beavers manipulate reach scale carbon distribution by their direct 
inputs into the ponds, including submersion and trapping of woody 
material, thereby promoting vegetation growth within the ponds and 
trapping upstream inputs. Naiman et al. (1986) showed that a beaver 
pond receives nearly twice as much sediment carbon than a riffle per 
unit of channel length, the turnover time of which is nearly seven-fold 
greater than the riffle. Carbon transported or produced in beaver 
ponds can be  stored longer due to reduced decomposition rate 
associated with increased anoxia (McDowell and Naiman, 1986; Wohl, 
2013a). Beavers also increase carbon storage in the adjacent floodplain 
(Correll et  al., 2000; Naiman et  al., 1986; Wohl, 2013b) but the 
magnitude and timescales are not well quantified. Importantly, the 
magnitude of stored carbon is partially offset by emissions of carbon 
dioxide (CO2) and methane (CH4) which are enhanced in wetland 
environments. Researchers have shown that CO2 (0.14 to 11.2 g CO2 
m−2  day−1, Roulet et  al., 1997; Yavitt and Fahey, 1994), and CH4 
emissions (27 to 919 mg CH4 m−2 day−1, Bubier et al., 1993; Ford and 
Naiman, 1988; Nummi et al., 2018), can be elevated in beaver ponds. 
However, the net carbon balance in beaver ponds is not well quantified 
over varying spatial and temporal scales and is further complicated by 
landscape heterogeneity, and the conditions that give rise to storage 
versus loss are not well known (Nummi et al., 2018).

2.5 Watershed and regional scales

Over decades to centuries, widespread beaver activity has the 
capacity to exert controls on watershed and regional mass balances of 
carbon (Nummi et al., 2018), water (Karran et al., 2018), and sediment 
(Pollock et al., 2007); increase landscape resilience (Hood and Larson, 
2015); and influence the effect of changing climate forcing (i.e., 
precipitation patterns) on the CZ (Larsen et al., 2021). However, over 
broad spatial extents and long temporal scales, the effects of beavers 
have been poorly characterized. Assessing their cumulative effects 
over larger spatial extents, such as on water quality and quantity, is 
particularly important in the drought-prone Western U.S. (Harvey 
and Gooseff, 2015). Beaver-dominated watersheds enhance water 
storage in the surface and subsurface and can have more consistent 
streamflow (Scamardo et al., 2022; Wegener et al., 2017). Increased 
plant productivity in the margins of beaver-active areas, as well as 
higher carbon storage in beaver ponds, could promote long-term 

carbon storage in watersheds (Laurel and Wohl, 2018; Naiman et al., 
1986; Rees et al., 2024; Wohl, 2013a). At the same time, the extent of 
open water, anoxia, and submerged organic matter may result in 
significant evaporation, as well as emission of greenhouse gases, which 
would reduce carbon storage (Cazzolla Gatti et al., 2018). As discussed 
for the reach scale, the degree of carbon burial and storage versus 
emissions of carbon gases will determine whether beaver-active areas 
at the watershed scale are net sinks or net sources of carbon over short 
versus longer timescales; this is an important, open question.

The increased vegetation cover and primary production within 
beaver-active reaches likely increases transpiration (Fairfax and Small, 
2018), but the increased diversity of plant and animal species also 
generates ecological stability (Johnson-Bice et al., 2022), which further 
promotes landscape resilience. To predict regional scale impacts of 
widespread beaver activity we  need to reconcile the complex 
interactions and feedbacks among local scale beaver activity (e.g., 
geomorphology, biogeochemistry, hydrology), the changing climate, 
and human stressors. Creating a more holistic understanding of 
beavers’ impact on the CZ and its resource output at large scales is a 
challenging but critical objective. In addition to ecosystem mass 
balance changes, beavers can play an important role in restoring river 
corridor function (Brazier et al., 2021; Law et al., 2017; Rosell et al., 
2005). With human assistance, beaver populations could expand 
significantly and help to achieve river corridor restoration goals. With 
appropriate environmental conditions for their survival, they have the 
potential to colonize large swaths of river corridors over decadal time 
scales (Johnston and Naiman, 1990; Tape et al., 2018). Although the 
modern human-dominated river corridor will prevent beaver 
populations from expanding to their pre-European colonization size, 
research using the Beaver Restoration Assessment Tool (BRAT) in 
Colorado suggests that the state’s stream network could support 
approximately 1.3 million beaver dams (Scamardo et al., 2022). The 
potential impacts of regional scale beaver activity may include 
significant increases in landscape resilience, sediment and water 
storage, biodiversity, and reduced nutrient export (Figure 1). Indeed, 
Figure 1 shows how a watershed dominated by beaver has the potential 
to improve landscape resilience against disturbances. In the beaver-
dominated panel, the watershed is more resistant to wildfire due to 
greater water inundation, filtering out burned particulates because of 
the increased water residence time, and higher groundwater levels 
because of greater vertical connectivity compared to the watershed 
without beavers. As researchers look to understand how river corridor 
function will respond to intensifying human and climate pressures, 
quantifying the complex spatial and temporal effects beavers have on 
the CZ will be an important component.

3 Animating the critical zone: research 
priorities for the critical zone 
community

Animal activity influences CZ processes and landscape evolution, 
yet animals are relatively absent from the CZ literature. The dearth of 
studies integrating animal controls on CZ processes presents an 
opportunity for researchers to advance knowledge of the CZ by 
investigating the consequences of beavers and other animals over 
different spatial and temporal scales. Beyond beavers, a diverse group 
of animals, including pocket gophers (Gabet et al., 2014), wild boars 
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(Mauri et  al., 2019), elephants (Haynes, 2012), hippopotamus 
(Schoelynck et al., 2019), and others (Gabet et al., 2014; Jones et al., 
1996; Mauri et al., 2019; Schmitz et al., 2014) are considered ecosystem 
engineers and have been impacting a variety of CZ processes. Together, 
organisms such as these influence the evolution of the physical template 
on which ecological processes occur (Law et al., 2016), yet we lack the 
research needed to predict how landscapes will evolve under the 
combined forces of animal activity, anthropogenic stressors, and the 
changing climate. As we consider research opportunities for the CZ 
community, we again use beavers as an example of how animal activity 
has direct implications for understanding CZ structure and function. 
Specifically, we discuss interdisciplinary research opportunities that 
we  view as useful to determine beaver’s influence on mediating 
disturbances and promoting storage of water and other constituents. 
We also highlight the need to understand human-animal interactions 
and potential conflicts within the CZ framework. Although there are 
many possible studies that will contribute to understanding how beaver 
activity influences CZ processes, we present three that we believe are 
especially pressing given the current environmental challenges in the 
Western U.S.

3.1 Mediating impacts of disturbance

Beavers exert strong controls on hydrologic connectivity and 
water storage that can buffer ecosystems against stress and expedite 
ecosystem recovery after large disturbances such as floods, droughts, 
and wildfires. In the Western U.S., severe, large disturbances are 
occurring more frequently in parallel with dwindling water resources 
(Anderson and Woosley, 2005; Siirila-Woodburn et  al., 2021), 
highlighting the need to shift land management strategies to enhance 
resiliency. Investigating the potential role of beaver activity in light of 
these objectives will provide insight into beneficial land management 
practices and expand our theoretical understanding of CZ science.

Large wildfires have increased in frequency and intensity in the 
Western U.S. (Iglesias et al., 2022), a trend that will likely continue due 
to climate change and past land management (Dennison et al., 2014). 
Severe wildfires modify water quality and surface processes by 
increasing erosion (McGuire et al., 2024; Moody and Martin, 2009), 
decreasing carbon storage, and elevating nitrogen availability, 
turbidity, and black carbon in surface waters (Hohner et al., 2019). 
Beaver ponds can reduce the load of toxic compounds released into 
surface water because of sedimentation and chemical transformations 
(Roth et al., 2022). Significant state and federal funding is allocated to 
help prevent and fight wildfires, as well as rehabilitating fire impacted 
landscapes across the Western U.S. (Bernhardt et al., 2005; Wohl et al., 
2022). More research is needed to investigate how beaver-dominated 
river corridors might provide refugia during wildfires, contribute to 
ecosystem recovery, and serve as sites for the retention and 
transformation of fire-impacted fluxes (Fairfax and Whittle, 2020; 
Wohl et al., 2022). Current research suggests that beavers could offer 
an effective method for achieving these goals (Norman et al., 2022).

Extreme precipitation events are expected to become more intense 
under a warming climate. When combined with growing human 
populations and increased development, they are causing higher costs 
associated with flood damage (Corringham et al., 2019; Prein and 
Mearns, 2021). Beaver ponds can reduce the magnitude of flow 
released and attenuate the flood hydrograph (Brazier et  al., 2021; 

Larsen et al., 2021). Increased shrubby vegetation near beaver ponds 
also helps attenuate stream flow by creating areas of greater hydraulic 
roughness (Thomas and Nisbet, 2007). Flow attenuation can mitigate 
the impacts of flooding downstream. However, the potential for flood 
mitigation due to beaver is not well constrained. Neumayer et  al. 
(2020) found that flood attenuation and the delay of peak timing were 
only significant for smaller discharge events and had a greater effect 
in low slope, high floodplain connectivity sites. Others have found that 
flow attenuation was greatest during large flooding events (Nyssen 
et al., 2011; Puttock et al., 2017). Often, water overtops the dam but it 
does not fully collapse (Westbrook et al., 2020). This research suggests 
that beaver dams have the potential to enhance flood mitigation, but 
the specific outcomes of different flow conditions remain uncertain. 
There is a need for more accurate assessments of the capacity of beaver 
damming to change the range of catchment flood magnitudes, 
partially motivated by the desire to re-introduce beavers for the goal 
of flood management (Larsen et al., 2021).

3.2 Facilitating storage over broad spatial 
extents

Increased water residence time in beaver ponds enhances the 
storage of sediment, water, solutes, and particulates. The temporal 
scale of storage varies significantly depending on the spatial extent of 
beaver ponds, the permanence of the dams, and the frequency and 
severity of disturbance events like floods and fires (Larsen et al., 2021). 
Harnessing beaver activity to achieve river corridor restoration goals 
is becoming more common, yet more research is needed to quantify 
the spatial and temporal scale of storage – of water, sediment, solutes, 
and particulates and the constituents entrained within such as 
mercury and carbon. Long term carbon sequestration due to beaver 
activities promoting sedimentation is of particular interest due to 
elevated atmospheric carbon concentrations and the growing interest 
in understanding whether river restoration can increase carbon 
storage in the river corridor (Lininger and Lave, 2024). River corridors 
can have high concentrations of organic carbon compared to upland 
soils, which may be further enhanced by beaver activity (Knox et al., 
2022; Sutfin et  al., 2016). Beavers create spatially complex river 
corridors that are dynamic over time, which creates challenges when 
accounting for spatial variability in carbon storage and fluxes (e.g., 
sequestration rates, efflux, export) (Lininger and Lave, 2024).

Future work should assess the net impact of beaver activity over 
larger spatial extents and timescales. Research on carbon dynamics in 
beaver ponds indicates that beaver activity generally increase carbon 
storage in sediment and potentially riparian vegetation (Johnston, 
2014; Laurel and Wohl, 2018; Lazar et al., 2015; Naiman et al., 1986; 
Nummi et al., 2018; Rees et al., 2024; Weyhenmeyer, 1999; Wohl, 
2013a). Novel beaver activity can potentially create initial reductions 
in carbon storage (Naiman et  al., 1994) and increases in gaseous 
emissions (Nummi et al., 2018). To date, we are not aware of studies 
that complete a comprehensive carbon mass balance accounting for 
changes in all pools and fluxes influenced by beaver activity, especially 
over long enough timescales to assess the net impact (Larsen et al., 
2021; Nummi et al., 2018; Wohl, 2013a). Carbon is a well-studied 
element in the CZ community (Wymore et al., 2023), yet studies on 
carbon dynamics rarely incorporate beavers. Two key components 
must be investigated to better quantify the carbon storage potential of 
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beaver activity: (1) does the increased storage of carbon via 
sedimentation outweigh gaseous emissions? and, if so, (2) over what 
time scale does carbon storage occur and for how long? The significant 
impact that beavers have on carbon, their growing populations in the 
Western U.S., and the increased interest in their use in river corridor 
restoration suggest that beavers should be  incorporated into river 
carbon models.

In addition to climate considerations, the expansion of beaver 
populations has implications for the impacts of mercury 
biogeochemistry on water quality and ecosystem health, which are 
poorly characterized. For instance, despite beaver activity usually 
increasing MeHg concentrations in water and sediment (Čiuldienė 
et al., 2020; Driscoll et al., 1998; Roy et al., 2009b), to our knowledge, 
demethylation (Levanoni et al., 2015) has not been measured in beaver 
ponds. Additionally, MeHg production can vary significantly 
depending on ecosystem characteristics. For instance, Roy et  al. 
(2009a) found clear differences in MeHg concentrations in beaver 
ponds within coniferous versus mixed forests. The toxicity of MeHg 
and its poorly quantified biogeochemistry in beaver ponds requires 
further research, especially as beavers are increasingly used in riparian 
restoration. We need to understand the potential negative effects that 
beavers might have on water quality and ecosystem health. However, 
if there are potential negative effects, we need to quantify those effects 
to compare beaver impacts on MeHg production with human-caused 
MeHg production (e.g., through creating reservoirs and increasing 
atmospheric deposition) given the important ecosystem services that 
beavers provide. To further quantify mercury cycling in beaver-
dominated river corridors we need to quantify: (1) spatial heterogeneity 
of MeHg storage, (2) the rates of methylation in different areas within 
the river corridor, and (3) rates of demethylation in water and sediment.

Beavers have the potential to increase surface and subsurface 
water storage, a particularly relevant impact as water demands 
increase across the Western U.S. (Leeper et al., 2022; Rippey, 2015). 
One of the factors exacerbating drought conditions in the Western U.S 
is the loss of wetland environments and a conversion of wetlands to 
managed ecosystems (Eagles-Smith et al., 2016; UEPA, 2016; Fairfax 
and Whittle, 2020). Wetlands are vital for managing landscapes’ water 
resources, including water quality improvement and flood abatement 
(UEPA, 2016). Beavers create wetlands (Larsen et al., 2021) and may 
provide a means of repairing degraded river ecosystems and increasing 
water storage, with implications for downstream water availability. To 
further understand of how beaver impact water dynamics, research 
efforts could investigate: (1) the degree to which beaver activity 
increases connectivity among surface water, groundwater, and the 
floodplain, (2) the magnitude of water storage in ponds and 
groundwater from raised water tables, and (3) water budgets to assess 
comprehensively the impact of beaver on water flows in the landscape. 
Additionally, water storage becomes increasingly unclear as 
we account for different environmental conditions across regions and 
expand our scope to greater spatial and temporal scales.

3.3 Human-animal conflicts and implications

We can expand our perspective from only examining how 
individual animals impact CZ processes to the effects of animals in the 
context of trophic cascades, which can start due to human 
intervention. For instance, Hebblewhite et al. (2005) describe how the 

exclusion of wolves from one area due to human use in Banff National 
Park resulted in elevated elk populations, leading to decreased aspen 
recruitment and willow production due to elk browsing. Declines in 
riparian vegetation caused a decline in beaver lodge density due to a 
lack of resources for beaver persistence. Reduced beaver populations, 
and declines in diverse riparian habitat, led to a decrease in riparian 
animals. Thus, the loss of beavers on the landscape can have further 
profound and wide-ranging effects on larger ecosystem function 
(Larsen et  al., 2021). In the Banff National Park example, the 
prioritization of human activity, leading to the exclusion of wolves, 
and the cascading effects on the ecosystem had impacts on landscape 
dynamics. It is important to note that the impact of wolves on trophic 
cascades is debated, and others have found that restoring apex 
predators to ecosystems failed to achieve specified goals (Hobbs et al., 
2023). A CZ approach to research could aid in quantifying energy, 
water, and nutrient fluxes and provide land managers with evidence 
to inform decision-making.

The interaction between humans and beavers itself is an 
important consideration in CZ studies. Negative perceptions of 
beavers can impede efforts to expand their populations in regions 
where they could co-exist with humans. Beaver activity has 
historically been accompanied by social conflict (Pilliod et al., 2018) 
due to the increased likelihood of road flooding, property damage, 
and disease (Siemer et al., 2013). Because of humans’ challenges to 
coexist with beavers, researchers have found a correlation between 
personal experience with beaver-related problems and greater 
acceptability of lethal management (Siemer et al., 2013). Further, 
those who receive the benefits of beaver activity will have 
dramatically different perceptions of beaver activity than those who 
experience the cons (Brazier et al., 2020, 2021; Gaywood, 2018). 
Research is needed to improve understanding of the challenges 
associated with human-beaver co-existence. Specifically, we suggest: 
(1) assessing how beaver restoration is perceived by human 
communities; and (2) improving educational outreach about how 
to co-exist with beavers, similar to prior calls (Pilliod et al., 2018). 
Human-beaver co-existence is a key component not only of beaver 
reintroduction, but also CZ research. Human perception of beavers 
will dictate their abundance, and, in turn, the magnitude of effects 
that they have on the CZ.

4 Conclusion

In this article, we demonstrate that CZ science would benefit 
from greater consideration of the role that animals play in the 
evolution of landscapes, a perspective that is relatively absent from 
the CZ science framework. To understand how ecosystems will 
evolve under increasing human pressures, and to provide robust 
information to inform land managers, it is important to determine 
the short-and long-term eco-geomorphic effects of CZ engineers. 
We use beavers and their profound impacts on the river corridor—a 
key component of the CZ—as an example. We explore how beavers 
can create a landscape more resilient to the disturbances of wildfire, 
floods, and droughts; that has enhanced carbon sequestration and 
storage, retains sediment and nutrients; and supports a diversity of 
plants, animals, and landscape units. These beaver-induced changes 
contribute to a CZ that continues to provide essential ecosystem 
services in a changing world.
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We highlight research opportunities that pave a way forward to 
address the unknowns of how beavers alter CZ structure and function 
through space and time. Resolving these questions will increase 
understanding of the impact that beavers have on CZ processes and 
evolution and advance basic CZ science. With continued efforts to 
restore ecosystems that have been degraded by human activity and 
prepare landscapes for continued climatic change, there is a need to 
animate the CZ by including animals in models and conceptualizations 
of CZ processes. The gap in understanding of how the present-day 
increase in beaver populations will impact the landscape requires 
multi-scale, interdisciplinary research. The results will inform land 
managers and restoration practitioners and advance theoretical 
CZ science.
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