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Earth Surface Processes and Landforms

ABSTRACT: Critical zone (CZ) science is entering its second decade. A new generation of scientists is emerging trained specifically
in CZ science and are contributing to advances in environmental science across disciplines. Concurrently, the global scope of CZ
science is being elevated as new countries invest in CZ observatories. Global CZ science has great potential to address a diverse
array of questions beyond any single discipline. In this commentary we discuss a series of CZ science grand challenges that should
be targeted by early-career researchers: understanding water availability in the CZ; expanding CZ science into new environments;
communicating the societal relevance of CZ science including earthcasting to the public; seamlessly integrating biological sciences
within the CZ framework; and scaling CZ processes over large spatial and temporal gradients. Targeting these grand challenges
will push CZ science well into the future. We also highlight mechanisms for increased leadership within the CZ community.
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Introduction

The term critical zone (CZ) first appeared in a 2001 publication,
Basic Research Opportunities in Earth Science (National
Research Council, 2001). The CZ extends from the canopy
boundary layer down through the soil and regolith to the bot-
tom of the deepest weathering front. It is this CZ that provides
the energy, nutrients, and water needed to sustain terrestrial
life, attenuates pollutants, and sequesters carbon. The CZ con-
cept evolved out of discussions on the need for transdisciplin-
ary research to understand the interacting processes that
influence and sustain life on Earth. CZ science as a formal dis-
cipline is now entering its second decade of US funding and
more CZ observatories (CZOs) are developing around the
world (Guo and Lin, 2016). The CZ spirit of transdisciplinary re-
search seems to be well under way.

Transdisciplinary science requires pushing past traditional
disciplinary boundaries, integrating data across spatial and

temporal scales and working towards inclusiveness. To con-
tinue making this global idea work, new generations of CZ sci-
entists need to join with early-CZ pioneers to push this science
forward. During this past decade, an increasing number of
graduate students and post-doctoral researchers received train-
ing in CZ science (Figure 1). Much of this training was the di-
rect result of specifically funded research programs including
the US NSF funded CZO network and the European SoilTrEC
(Soil Transformations in European Catchments) initiative
through the European Commission. These CZ scientists are
now developing their own careers, and are poised to advance
Earth and environmental science, given the depth and breadth
of their backgrounds. In this commentary, we outline a series of
scientific grand challenges for early-career CZ researchers
including: (1) understanding water availability in the CZ; (2)
expanding CZ science into new environments; (3) communi-
cating the societal relevance of CZ science including
‘earthcasting’ to the public; (4) seamlessly integrating biological
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Figure 1. Cumulative growth of graduate students and post-doctoral researchers receiving training in critical zone science. Data were collected
from the US Critical Zone National Office and reflect reporting from across the US Critical Zone Observatories. Figure does not represent a complete
data set. Actual growth across the entire international CZO program is likely to be much greater than expressed in this figure. [Colour figure can be

viewed at wileyonlinelibrary.com]

sciences within the CZ framework; and (5) scaling CZ
processes over large spatial and temporal gradients. These
objectives reflect feedback received, and observations made,
by the early-career cohort. While not the sole domain of
early-career researchers, these challenges provide a framework
to galvanize future generations of CZ scientists with targeted
objectives regarding some of the most urgent questions in
environmental science.

Early-Career CZ Grand Challenges
Understanding water availability in the CZ

Water is the primary media by which energy, sediment and
solutes move throughout the CZ. Understanding the controls
of water, sediment and solutes fluxes remains a fundamental
challenge. In addition to human perturbation of the water cy-
cle, ecohydrological models indicate that the residence time
and partitioning of water throughout the CZ is highly variable
over both space and time (Brooks et al., 2015; Evaristo and
McDonnell, 2017). Understanding this variability requires a
CZ perspective as the availability of water is driven by
hydrological, geological, climatic, pedological, and ecological
factors.

One organizing framework helpful in understanding the
partitioning of water is that of blue vs green water (Falkenmark
and Rockstrom, 2004), which considers different reservoirs and
pathways of water within (and out of) the CZ. Green water rep-
resents water moving through evapotranspirative pathways,
while blue water is the sum of ground and surface water. Green
and blue water both support CZ services (sensu lato Field et al.,
2015) and both are required for the survival of all organisms.
Understanding how water moves between these reservoirs
(Bart et al., 2016), should be a central goal as we manage water
resources under increasing demand.

Expanding CZ science into new environments

While CZ research occurs across diverse biomes (Figure 2),
many environments still remain underrepresented. Three such
environments include urban, polar and karst landscapes.
Globally, more people live in urban areas than in rural areas.

Copyright © 2017 John Wiley & Sons, Ltd.

It is estimated that by 2050, 2.5 billion people will be added
to urban centers around the world (World Urbanization
Prospects, 2014).

Urbanization increases the rate in which productive agricul-
tural land is lost, increases energy demand, changes regional
climates, alters biogeochemical cycles, and reduces biodiver-
sity (Seto et al., 2011). Urban centers also display altered
hydrology (Fletcher et al., 2013) and accelerated weathering
(Kaushal et al., 2014). It is important for early-career re-
searchers to realize that transferring CZ science into urban
landscapes does not require a reconceptualization of the
science. CZ science has a rich history of working across
environmental gradients, thus working across urban gradients
can be pursued in a similar vain.

The Arctic represents another environment relatively unex-
plored by CZ science. Changes in the Arctic due to global cli-
mate change are likely to have disproportionate effects on the
biosphere. The Arctic contains 50% of global soil carbon with
the majority preserved in permafrost (Schuur et al., 2008).
Accelerated rates of warming in the Arctic, have decreased
permafrost extent, increased active layer depth, and increased
thermokarst processes (Frey and McClelland, 2009) — all of
which can release stored carbon. Carbon loss via permafrost
thaw and microbial decomposition overwhelms increased rates
of plant uptake via warming to such an extent that the Arctic
will become a net carbon source to the atmosphere (Schuur
et al., 2008). The Arctic is not a homogenous environment;
thus, we cannot create a one-size-fits-all model. The extent of
discontinuous versus continuous permafrost is highly variable
and vegetation is diverse with both tundra and taiga communi-
ties. Transdisciplinary CZ science is ideal for this environment
as we expect the structure of the Arctic CZ to actively change
with profound implications for how the Arctic CZ functions.

Carbonate terrain occupies ~20% of the ice-free terrestrial
land (Hartmann and Moosdorf, 2012), supplying potable water
to 20-25% of the world’s population (Ford and Williams,
2007). On time periods relevant to humans, weathering of
these carbonate systems plays a meaningful role (~1.5x silicate
weathering CO, consumption year™'; Gaillardet et al., 1999) in
controlling atmospheric and subsurface CO, concentrations
(Liu et al., 2011). Given the high energetics of carbonate sys-
tems, and their response to changes in climate, sea level and
land cover, we can leverage carbonate CZs to directly observe
the physical, chemical, and biological consequences of natural
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Figure 2. Critical zone science occurs across diverse landscapes. Top Row (L-R): Dr Adrian Harpold (University of Nevada, Reno [UNR]) and
Marianne Okal (UNAVCO) discuss the application of terrestrial laser scanning equipment in the Jemez River Basin CZO after the 2013 Thompson
Ridge Fire; Dr Daniella Rempe (sitting left; University of Texas, Austin) and Dr Jill Marshall (standing right; University of California, Berkeley) are
joined by other Eel River CZO researchers to install sensors and samplers for monitoring the moisture dynamics and chemical evolution of fluids
in the critical zone along a steep slope in an old-growth forest in northern California; Patrick Longely (left; UNR graduate student) and Kasey Hewson
(right, UNR undergraduate student) collect snowmelt samples to understand the sources and fate of water in the Sagehen Experimental Watershed,
near Truckee, California; Bottom Row (L-R): University of Texas, El Paso students Luca Alvarez (right; PhD graduate student) and Victor Garcia (left;
undergraduate student), collect irrigation water to study sources of salinity in the Rio Grande, a critical water resource for regional agriculture; Dr
Adam Wymore (University of New Hampshire) performing nutrient addition experiments in streams at the Luquillo CZO, Puerto Rico to study carbon
and nitrogen biogeochemistry in a tropical landscape; Dr Julia Perdrial (University of Vermont) digging a soil pit for sub-surface instrumentation in a

severely burned catchment at Jemez River Basin CZO. [Colour figure can be viewed at wileyonlinelibrary.com]

and anthropogenic forcings on CZ functions. Direct measure-
ments enhance our power in predicting future trajectory of
the CZ given modified salinity regimes, water volumes, flow
paths, pCO,, temperature and residence time, all of which
govern how CO, is absorbed or released from terrestrial
landscapes.

Communicating the societal relevance of CZ
science including earthcasting to the public

Earthcasting — the projection of Earth’s near surface fluxes of
water, solutes and sediments (Goddéris and Brantley, 2013) —
is an integrative approach that tackles societally relevant prob-
lems including predicting landslide vulnerability, sensitivity of
soil development to climate variability and uncertainty sur-
rounding access to potable water. Early-career CZ scientists
are key to the construction and use of earthcasting models
and transmitting this knowledge to the public. One challenge
early-career CZ scientists face is communicating that CZ
processes occur across multiple temporal and spatial scales,
including relatively slow geochemical (10°-10%yr) and fast
biological (1072-107"yr) processes (Sullivan et al., 2016),
and that these timescales need to be considered when develop-
ing management plans. Understanding the factors that control
erosion, nutrient retention, and carbon sequestration in soils
for example, is critical as the global community approaches 9
billion people while dealing with the uncertainty of climate
change. Earthcasting via a CZ perspective is ideal to study soils
and food production as balancing crop productivity while
minimizing soil and water quality degradation is a core
challenge facing future CZ researchers.

Copyright © 2017 John Wiley & Sons, Ltd.

Seamlessly integrating biological sciences within
the CZ framework

By definition, the CZ incorporates all terrestrial life. Biological
systems are not just response variables relating to the structure
and function of the CZ. Organisms, as well as ecological pro-
cesses, serve as drivers of CZ processes by altering its inherent
structure. While considerable CZ research has examined the
effect of microorganisms and trees, the influence of organisms
extends beyond these two groups. Prairie dog colonies in
semi-arid grasslands promote groundwater recharge, increase
soil carbon storage, and provide aeration of soils, promoting
plant growth and slowing desertification (Martinez-Estévez
et al., 2013). The presence of wolves affects rates of riverbank
erosion and soil moisture via predation upon elk and deer
(Beschta and Ripple, 2006, 2008). And earthworms serve as a
major geologic force moving billions of tons of earth each year,
improving infiltration rates and providing channels for root
growth. Yet prairie dogs, wolves, and earthworms are subject
to ecological processes including predation, competition and
disease (Eads and Biggins, 2015). The next-generation of CZ
researchers should work to unify the biological sciences with
the geological and hydrological sciences moving CZ science
into new dimensions.

Scaling CZ processes across large temporal and
spatial scales

A hallmark of CZ research is its multiple spatial and temporal
scales (Brantley et al., 2007). For example, bedrock weathering
can control multiple watershed properties (Rempe and Dietrich,
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2014), and frost-driven sediment-production and erosion pro-
cesses during the last glacial maximum, influence modern soil
properties (Marshall et al., 2015). To continue pushing CZ sci-
ence forward, early-career scientists must continue to consider
interactions across large spatial and temporal scales and
develop models that cross these boundaries (Figure 3; Duffy
etal., 2014; Pelletier et al., 2015; Li et al., 2017).

Cross-CZO collaborations are one way in which spatial and
temporal scales can be linked. Many of the CZ pioneers are
constrained by the commitments of maintaining their current
observatories. Early-career researchers are less encumbered in
this respect and are trained to work across environmental
gradients where watershed state factors vary. Early-career re-
searchers can also integrate datasets from CZOs with long-term
monitoring programs (International Long Term Ecological
Research) and spatial products derived from NASA missions.

Accepting Leadership Roles

1. Developing the next generation of CZ scientists

To sustain CZ science into the future, early-career re-
searchers must promote a multigenerational legacy by training
future CZ scientists (Figure 2). Training these future practi-
tioners requires developing curricula that integrates geologic,
hydrologic, soil, biologic, ecosystem, and atmospheric science
with the human and applied aspects of CZ science. Successful
examples include an introductory CZ science course (White
et al.,, 2017) offered through the Science Education and
Resource Center at Carleton College, and the Environmental
Studies major at Roanoke College where CZ science is a core
theme. Integrating CZ concepts into current courses is also an
effective mechanism. CZ science has been spreading over the
last decade as alumni of the CZO program now teach across
universities. These individuals incorporate CZ concepts into
multiple courses, and as a result, CZ science reaches thousands
of students each year. Examples include a Watershed Hydrol-
ogy course at the University of Minnesota and a Geochemistry
of Natural Waters course at the University of Vermont.

Early-career researchers should continue to collaborate with
secondary-level educators and develop engaging ways to bring
their expertise to these students and educators. Many science
courses at the secondary-level would benefit from CZ con-
cepts, exposing younger students to a ‘systems” way of thinking.
Working with secondary-level students will promote the public
awareness of CZ science integrating CZ concepts into the

life cycle - bacteria

life cycle - tree

biogeochemical processes
hillslope / mountain erosion

river channel formation / migration
soil development

volcanism

tectonic uplift

wildfire

earthquake

hurricane

Figure 3.

general public’s lexicon. Such outreach efforts can easily be
built into the broader impacts section of proposals.

2. Funding opportunities: many exist

To drive CZ science forward, early-career CZ researchers
should look toward funding sources that support large collabo-
rative research. Examples include Research Coordination
Networks (RCN), Science Across Virtual Institutes (SAVI), and
Partnership for International Research and Education (PIRE)
through the US NSF. Funding focused on data-syntheses include
the Powell Center Grant (United States Geological Survey), the
National Center for Ecological Analysis and Synthesis (NCEAS;
University of California Santa Barbara), and the Socio-
Environmental Synthesis Center (SESYNC; University of
Maryland). International funding sources include, the Marie-
Sklodowska-Curie Actions through the European Commission
and the Chinese Academy of Science and Chinese Scholarship
Council which support visiting scholars. These funding sources
can be used to bring together researchers where ideas can be
fully developed and global-scale hypotheses tested.

3. Outreach: it does not take much to get involved

Early-career researchers can, and should, reach outside the
CZ community to increase awareness of the discipline. Such ef-
forts will create a dynamic cross-section of earth and environ-
mental scientists representing multiple world-views (Larsen
et al., 2015) while promoting a spirit of inclusiveness. A recent
example occurred at the 2015 Ecological Society of America
meeting, where a session was hosted encouraging CZ science
within the ecological community, ‘Ecology from treetop to
bedrock: human influence in Earth’s critical zone.” Early-career
researchers should build the capacity of a global forum that
facilitates collaboration and community building. One excel-
lent example is the international web-based community of the
Association of Polar Early-Career Scientists (www.apecs.is).
Efforts to involve other communities is essential for the future
of CZ science and its integration with other networks.

The role of early-career researchers in pushing CZ research
forward is pivotal. Cross-CZ science offers an unprecedented
opportunity for early-career researchers to jump headfirst into
the challenge of transdisciplinary global scale science. CZ
science has not yet reached its full potential, but its continued
development is a key step in our collective understanding of
the interacting factors driving CZ evolution and life sustaining
processes.

10* 10 10° 102 108 104 105

time scale (years)

Critical zone scientist work across multiple time scales ranging from seconds to millions of years. Working across multiple time scales is an

inherent challenge to CZ science but necessary to understand interacting processes and scale measurements for accurate earthcasting. [Colour figure

can be viewed at wileyonlinelibrary.com]
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