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Dr. Hans-Jorg Vogel
Guest editor of HESS

Nov. 29, 2009

Dear Hans-Jorg,

First of all, thanks for your patience in receiving my delayed revision of the manuscript
submitted to the special issue of HESS, entitled “Earth’s Critical Zone and Hydropedology:
Concepts, Characteristics, and Advances” (hess-2009-95). | have now finally completed a
thorough revision according to all the review comments received. | do appreciate the time the
reviewers and you put in reading the manuscript, and the comments were valuable, refreshing,
and constructive. | have carefully considered and incorporated, where appropriate, all the review
comments in the revision. While the 2" reviewer suggested a focus on the Critical Zone part,
you suggested a focus on the hydropedology part. Hm ... In the end, | managed to maintain a
balance between the two parts while still shortened the manuscript considerably (the text has
been cut to 28 pages from the original 38 pages, with the figures reduced to 9, and the
manuscript reduced to 49 total pages instead of original 63). The reason that | decided to keep
both the Critical Zone part and hydropedology part was the merit of linking the two topics and
my intent to use hydropedology to illustrate the opportunity associated with the CZ study — this
also matches the theme of the special issue. |1 hope you like the more tightly-coupled and
considerably-shortened manuscript. A list of itemized responses to all review comments is
attached at the end of this letter, along with a change-tracked copy of the revised manuscript.
Hopefully, I have adequately addressed all the review comments to your satisfaction. Should you
have any further comment or need more information or action from me, please let me know.

Thanks for your further consideration of this manuscript.

Sincerely Yours,

7tz

T

Henry Lin
Associate Professor of Hydropedology/Soil Hydrology

Encl.: 1) Revised manuscript (clean copy)
2) Item-by-item responses to all the review comments, plus an annotated version of
the revised manuscript (changes marked using Word “Track change” function)



Item-by-item responses to all review comments

NOTE: To facilitate the evaluation of my responses, original review comments are listed first in
their originals (in black), followed by my itemized responses (in red, italic and bold). See the
attached annotated version of the revised manuscript for specific verification.

Comments from the editor

I concur with Reviewer #2 that the paper is quite long and that it could be shortened to
some extend without loosing essential messages. Thereby | would prefer the second
option mentioned by the reviewer: to shorten the first part on the definition of the CZ. |
think the readers of HESS are well aware that the zone between the lower atmosphere
including vegetation and the the lower boundary of the aquifer is a inherently complex
systems demanding for an interdisciplinary scientific approach. So that all these different
definitions are not really required but of course (as also stated by the reviewer) there
should be a clear definition what you refer to as the *Critical Zone’. This is required for
the further discussion of how hydropedology fits into this concept. | really liked the

way how hydropedology is introduced! In my perception there are some new inspiring
aspects. On the other hand, there is no general agreement within the soil science community
about the general aims and scopes of hydropepdology. Hence, this part of the

manuscript is especially valuable. It could be argued that there have been other papers

on hydropedology already, however | recognize that with the present manuscript

the notion of hydropedology is becoming more clear, more focused, and better justified.

Thanks for your thorough comment. As indicated in my cover letter above, | have
shortened the whole manuscript considerably (the text has cut to 28 pages from the original 38
pages). | have, however, decided to maintain a balance between the two interrelated topics (the
CZ and hydropedology) because of the merit of linking the two and my desire to use
hydropedology as an illustrative example of the CZ study. I have clarified the definition of the
CZ, and stated its definition from NRC (2001) upfront in the 2™ sentence in the Introduction
part. | have maintained the part that you like, but rearranged the sequence based on the 2™
reviewer’s suggestion. In discussing the fundamental issues of hydropedology, | have
condensed considerably by providing only updates, and referred the readers to a more
comprehensive review that I published in 2005.

I have a few additional minor comments:

P2 L1: the increasing characteristic time for response and feed back with depth is motivated
by the increasing density of the material (also later in the text). Isn’t it more the

increasing distance to the location of energy input (the soil surface) and the dampening

of the dynamics of state variables with depth?

Good comment! I have incorporated this suggestion into the revision.

Section 2.1: As already mentioned above this could be shortened considerably.



Section 3.2.3: There is some redundancy in this section so that it could also be shortened
to some extend.

Done as suggested.

4.1. Mapping: It could be emphasized more explicitly that we can use our knowledge
of soil formation and the known interrelation of soils within landscapes to establish a
mapping strategy which is supported by a sort of soil-landscape modeling. The latter
can be developed from the answers to the two basic questions formulated in section
3.1

Good suggestion. Revised accordingly.

4.3. Modeling: I agree that network structures are very common in terrestrial systems
and that they are very likely to exist also in the subsurface. However | would expect that
theses structures are highly variable within the vadose zone and highly dependent on

the hydraulic state of the system. Hence, a discrete representation of preferential flow
networks within the subsurface can hardly be mapped and is probably not adequate.
This phenomena could be reflected e.g. by appropriate travel time distributions in large
scale models - but this is a matter of future inspiring discussions between the author

an the handling editor...

This is a valid debate. | understand your concern and have indicated this in the revision.
Like we discussed in Pittsburg, this is an interesting and inspiring topic to continue to explore
from our two different perspectives. Hopefully we would converge somewhere in the middle! |
have referred to my JoH manuscript (Lin, 2010a) in the revised manuscript for further related
discussion.

Reviewer 1

Comments and edits - Earth's Critical Zone and. Hydropedology

Abstract

P3418

LT4 -Advance

LI4 - Delete'growth’

LI5 - instead of 'platform’, perspective or concept

L26 - instead of 'are linked'. can be addressed

P3419

LI - remove ‘and pedogenesis'

L3 . instead of carriers, vehicles for expression of

P2l - replace it is called' with the descriptor

P3420

L23 - change ‘coming ...breakthroughs' to 'is becoming united because of the current
global concern for the fresh water supply’

And delete "has embraced...relevance” with 'particularly driven by society's need for
energy’



P3421

LI - replace An...fostering" with ‘A’

P3424

LIz - replace 'guide......illustration is the' with 'see their knowledge in a wider
context e.g knowledge of soil forming processes can provide...

P3427

L22 - replace 'rock’ with lithologic.

P3428

LI6 - remove'maybe called' and'increasingly’'

P342¢g

LI7 - replace 'as' with because

P3432

L29 - forcings, not forcing.

P3433

LI - comment only: When undergrads get'wind' of soils with 'hot moments' and
'hot-spots’ we'll soon solve our student number crisis.

P3435

L20 - after 'interactions’ insert 'of processes.

L25 - replace'while’ with whereas

P3436

L4 - aftei.'detaif insert 'than in a previous sfudy’ or 'than in previous studies’
L18 - after 'spectroscopic' add 'mathematical and computational’

P3438

L16 - replace 'this includes’ with'these include’

P3439

3.2 Fundamentals of hydropedology

Revised this whole section to read:

Fundamental scientific issues of hydropedology can be considered under four
headings (Fig 6):

1. Soil structure and horizonation. These determine flow and transport
characteristics in field soil. Hydropedological studies focus on quantiffing soil
architecture and its impact on preferential flow across scales

2. Soil catena and distribution pattem. These properties are the first ‘control’ of
water movement over the landscape. Hydropedological studies embrace
quantitative soillandscape relationships and their impact on landscape
hydrological processes

3. Soil morphology. Hydrological processes leave signatures in soils.
Hydropedology studies focus on quantitative . . . . . ...records.

4. Soil functional classification and mapping. These are'carriers' of hydrological
properties. .landscape.

L20 e.21 - delete'one’

L22- delete'further’

P3440

L7,8 - delete "are of essence to' and replace with is the essential elementt
P344t

LL9- hydrologic



P3449

L7,8 - delete 'on...represent' replace with 'delineations representing spatially’
P3453

Llz- Add 's' after DEM

P3455

L20 to 29 - delete 'soil" after each of the nurnbered points from (1) to(7) and also 'of
our soil’

P3459

L23-27 suggest this phrasing neither quickly intermix (cf. atmosphere), nor rapidly
move laterully along the landscape (cf. hydrosphere) nor clearly. ....changes

(bio sphere), nor escape. . . ..perturb ations (cf lithosphere).

P3460

LI -'formed-in-situ’

L7&8 - remove 'soil’

Figure |

Delete An...science. Replace with 'A vision for soil science'.

All the above suggested edits have been incorporated where appropriate.

I'm not so comfortable with ‘outward growth' and 'inward contraction' preferring

descriptors such as "narrow perspective™ and 'broad or expansive perspective"

Adoption of the broad viedperspective will ensure the growth of soil science and
recognition of its relevance in many areas of societal need.

I have adopted the suggested “broad” vs. “narrow” perspectives, but also keep the original
labeling to more vividly convey my message. See the revised Fig. 2.

Reviewer 2

The paper of Herny Lin on the *“Earth’s Critical Zone and hydropedology: concepts,
characteristics, and advances” is a timely and important contribution to the science of terrestrial
processes and systems as well as to the discussion on the challenges in terrestrial research for the
21" century. It points out the necessity of an integrated approach that needs to be embedded in a
holistic perception of the interaction between the different compartments of the Earth’s system.
Specifically the paper addresses the interaction between the CZ concept and the recently
emerged new discipline “hydropedology”.

Thanks for this positive feedback.

Although I am convinced that the critical zone is an excellent concept to point out the importance
of this thin layer (compared to the Earth’s diameter) embracing the Earth, | feel that there is a
need for a clear definition of what exactly the Critical Zone is referring to. In the paper there are
many tentative descriptions of what a CZ is or is not, but still a clear formulation is missing and
in my opinion it is needed in order to provide a consistent discussion throughout the paper. Is
the CZ an holistic framework for integrating studies of water, soil, rock, air and biotic resources
in terrestrial environments (line 2, page 3418), a platform for synergetic collaboration across



disciplines (line 16, page 3418) or is it the heterogeneous near surface environment in which
complex interactions involving rock, soil, water, air and living organisms regulate the natural
habitat and determine availability of life sustaining resources (line 5, 3422). In the first definition
it is not a natural system whereas in the last one it is. Yet another definition can be found at line
23, page 3430 where the CZ is defined as the zone where all humans live and where population
growth, urbanization, and industrialization all have put increasing pressure on the CZ. The author
should use a consistent definition of CZ throughout the paper and then derive the research needs
and scientific questions. | propose to provide a definition of CZ at the end of section 2.1 and to
work with this definition throughout the paper.

Sorry about the confusing CZ definition(s) in the draft manuscript. I have now clarified
the definition of the CZ and stated it upfront in the 2" sentence of the Introduction section in
the revision.

The paper is very long and | think it can be shortened without loosing much of its messages. The
paper suffers a bit from the fact that it wants to present both the concepts, characteristics and
advances for the Critical Zone (and CZ research/science) and hydropedology and at the same
time it aims at addressing and discussing the link between both of them. It might be better to
focus on either the Critical Zone, the relevant scientific questions, the methods and approaches
needed to solve these questions and its links with other disciplines (hydropedology being one of
them) or to focus on hydropedology and the role CZ can play in advancing this field of research.
Focussing on the Critical Zone has a major advantage as it will allow identifying the contribution
needed from all geoscience disciplines rather than from hydropedology alone. In addition, it
would be good to point out the new elements added in the discussion and presentation of
hydropedology with respect to other publications on this topic.

This is a good thinking and a valuable suggestion. I agree that the draft manuscript was
too long. As explained in the cover letter above, I have now shortened the whole manuscript
considerably (the text has cut to 28 pages from the original 38 pages). After weighing the two
options nicely suggested, I figured that it would still be better (and possible) to maintain a
balance between the two interrelated topics (the CZ and hydropedology) because of the merit
of linking the two and my intent to use hydropedology to illustrate the opportunities associated
with the CZ study. .

In discussing hydropedology, | have condensed considerably by providing only an update
on new elements, with respect to other publications on this topic. The readers are referred to a
more comprehensive review that | published in 2005 for further details.

Specific comments:

It would be useful to the readers to set CZ in a perspective with respect to ongoing activities of
establishing ecological, hydrological and environmental observatories worldwide and to work
out the difference and eventual overlaps between the different approaches underlying these
observatories. It would also be good to address briefly the actual state of the three Critical Zone
Observatories established in the US since 2007. This might be helpful to better understand the
underlying approaches and the observation strategies implemented at these sites. What are the
lessons learned and what are the future developments in terms of modelling and monitoring?



This is a valuable suggestion and one that is important to pursue. This will be addressed
(in a more comprehensive way) in a planned special issue of Vadose Zone Journal focusing
on the CZOs (to be published in a year or two). Considering the already long manuscript, |
decided not to expand on this important aspect related to ongoing activities of establishing
ecological, hydrological and environmental observatories worldwide (there are so much out
there — so to do a good job, it would require a thorough study and comparison, which will be
difficult to do in a short paragraph). I did, however, provide a brief update on the status of the
CZOs in the U.S. and elsewhere. | have also expanded the discussion on key approaches or
steps to take for advancing CZ science based on the experience accumulated so far with the
CZOs in the U.S. The revised manuscript has strengthened this aspect in Section 4.

The use of the word cycle in section 2.2.1 with respect to geology and biology (geological and
biological cycle) seems to me not the right wording with respect to the key processes occurring
in the CZ. Basically the Earth system is a system under evolution and this evolution is not
necessary happening in a cyclic manner. Many of the important changes have been introduced by
extreme events or sudden changes in environmental conditions. Typically a cycle refers more to
a specific component that is altered in a cyclic manner such as water in the hydrologic cycle or
organic matter in the carbon cycle. Therefore, | suggest the use of geological and biological
processes that operate at different spatial and temporal scales rather than focussing on the cyclic
nature. The term coupled systems is not really addressed in this section. It would be good to
elaborate more on this issue by specifically addressing how the various subsystems of the CZ are
coupled and which processes and feedbacks mechanisms are involved. Why is it e.g. important
to couple systems and what are the challenges and deficits in our understanding. Interesting
issues are e.g the effect of changing groundwater levels on the energy balance at the soil surface
and its impact on local meteorology (e.g. Maxwell and Kollet, 2008), the coupling between the
subsurface environment and river systems (Sophocleous M, 2002) or the interaction between the
atmosphere and terrestrial ecosystems (E.g. Pielke et al., 1998).

This is a very much appreciated reminder that has led to me to add a completely new
section in the revision on the evolution aspect of the CZ (Section 2.2.1). | have also beefed up
the discussion on coupling aspects and have added all the suggested examples (and more) into
the related discussion. I also added a new Fig. 3 to provide more a systems view of the CZ and
its general characteristics that include irreversible evolution, coupled cycling, interactive
layers, and hierarchical heterogeneity. The use of the word cyclic is kept for geological and
biological cycles, but the statements have been improved to avoid possible confusion.

Also in section 2.2.1 the author states that the formation of the CZ is mainly attributed to the
impact of geological and biological activity. However, the CZ is also the result of past and
present human activity (e.g. land use change from forest to agricultural land) or the presently
ongoing climate change in many regions of the world. As the CZ is the skin of the Earth, these
activities are more likely to shape the future of this zone rather than the geological processes
occurring at larger time and space scales. It should also be made more explicit in how far e.g.
tectonic processes (section 2.2) are relevant for processes occurring in the CZ.



I agreed with this comments. | have strengthened the discussion on human impacts in the
CZ in several places of the revised manuscript. In the end of the manuscript (last sentence of
the summary and conclusion section), I clearly highlighted that human impacts, along with
the hydrologic cycle, deserve elevated attentions in the study of the CZ.

In the discussion on heterogeneity and hierarchical patterns it would be useful to start off with
presenting the types and scales of heterogeneity encountered in the CZ. These scales may include
the local scale, the field/hillslope scale, the catchment and regional scale. At each scale specific
heterogeneities are occurring. At the local scale, heterogeneities may e.g. be determined by
variability in physical/chemical/biological properties whereas at the catchment scale variability
and patterns in soils and vegetation may be more typical. By using these scales one automatically
includes a horizontal component in the presentation of the CZ which is important especially
when one wants to focus on water as the key driver for many processes in the CZ.

This is a valid point. I have revised the manuscript accordingly. A more focused diagram
showing the hierarchy of scales is shown in new Fig. 5, along with added discussion on three
types of systems. | also added the discussion on the related controls on patterns in Section
3.1.2.

An important element of the CZ is the presence of interfaces between two or more
compartments. The role of these interfaces in understanding the interactions and feedbacks
between the different compartments and their regulatory impact on many processes and
compartments of the Earth system (e.g. land surface atmosphere interaction; soil-groundwater-
river interaction) is essential and should deserve more attention in terms of defining research
questions for these interfaces. Perhaps it would be good use the presence of key interfaces in CZ
as a part of its definition and unigqueness.

Another very good point. I have stressed more on the interfaces in the revised manuscript.
I have also added some discussions through some examples.

| propose to start the section 3 with the fundamentals of hydropedology (now 3.2) and then
present the characteristics and its links to CZ science. The paper would benefit from a more
explicit definition of Critical Zone science. What is the CZ science and which disciplines does it
cover?

Revised accordingly.

Some of the important features of hydropedology (line 16, page 3437) are not really unique to
this discipline such as “opening the black box of the soil system by closely examining soil
structural heterogeneity and soil distribution pattern in the landscape, rather than treating soil as
a simple homogeneous layer” or viewing the soil as a living entity. These assets belong to many
soil science disciplines. In the scientific questions, the author refers to landscape water but does
not really define what he means by this. Is landscape water the water that does not enter the soil
profile and is lost by surface runoff to the river system, or is it the water that is contained in
surface water systems? A clarification would be helpful to the reader. As mentioned above,



research on the role and importance of interfaces between the hydrosphere (e.g. rivers,
groundwater) and the soil appears to me an important asset of hydropedology.

As the handling editor indicated, he liked what was written in introducing hydropedology
in the original draft manuscript and the related discussion on its features. So I tried to
maintain this part without too much change in the message. However, I did re-word some
sentences to avoid such possible arguments. | have clarified what “landscape water” is right
after the 2" question in the beginning section on hydropedology. Interfaces are again better
emphasized in the revised manuscript.

The summary and conclusion are very general and would benefit from a more focussed and
specific formulation of key steps or actions that need to be taken in order to achieve
advancements in our understanding of the functioning of the CZ. The establishment of a global
alliance for monitoring-mapping-modeling is one of these steps that need to be taken but most
likely not the only one.

Good reminder — I have completely re-written this section to be more focused and specific.
Hopefully the new summary and conclusion section reads better.

References:

Maxwell R.M. and S. Kollet, 2008. Interdependence of groundwater dynamics and land-energy
feedbacks under climate change. Nature Geoscience, 1(10): 665-669.

Pielke R.A., R. Avissar, M. Raupach, A.J. Dolman, X.B. Zeng, and A.S. Denning, 1998.
Interactions between the atmosphere and terrestrial ecosystems: influence on weather and
climate. Global Change Biology, 4(5), 461-475.

Sophocleous M., 2002. Interactions between groundwater and surface water: the state of the
science. Hydrogeology journal, 10(1): 52-67.

Good references — | appreciate this effort to list them. All these papers are added to the
revision.
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attempt is thus made jn the following to clarify some yelated issues or concepts;

(1) Many people thought that the CZ is (nearly) the same as soils. However, the CZ is much

broader than goils_(see Figs. 1 and 2). It is true that the CZ encompasses the entire

pedosphere—the only sphere in the Earth system that is wholly included in the CZ. However, if

the CZ is limited to just soils (this perspective is labeled here as “inward” contraction; see Fig.

2), then it Joses the integrating and unifying power of the CZ, We should, instead, promote a

broadened perspective on soils (this is labeled here as “outward” growth; thereb

Dpermitting an inclusive vision for future soil science. This “outward” growth yview is consistent

with the soil’s recognized “7 + 17 functions as depicted in Fig. 2 (Lin, 2005) and seven soil

Communities, 2006: Bouma, 2009). Soil scientists, while focusing on soil processes, can then

see their knowledge in a much broader context,

Deleted: has ... since the emergence of
the CZ concept promoted by the
NRC...This is partly because the concept
is new and unclear to many. Thus, an

here ...of the related issues...: [ [16]

Deleted: the pedosphere...In
reality,...just ... which is ...we confine
just ...this perspective is labeled here as
an..., see...l...will lose...
concept...Instead, we ...an ... ...(...1...
to advance the study of soils and the
entire CZ...implying ...a broadened
perspective and ...model ...as depicted in
Fig. 1 (Lin, 2005) ...as well as...defined
etal....2008...should guide their
research not only by what they consider
important from a soils point of view but
also by what is needed.... ... An
interesting illustration is the knowledge
of soils and their forming processes that
can provide a unique contribution to
extraterrestrial explorations in search of
water and life, and to developing
advanced life support systems used in

space exploration. ... [17]

that nearly everywhere forms the surface of the land and overlies the bedrock. It includes rock / ‘
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to the broader concept of soil that jncludes O-A-E-B-C horizons, (the C horizon is often called

saprolite; see Fig. 1). The classical narrower concept of soil has been driven by agriculture- /|

centric conception of the soil as a medium for plant growth, which includes only the A-B /

horizons (called solum, generally < 1-2 m deep; see Fig. 1). The CZ, as defined by the NRC

(2001), integrates above-regolith vegetation and below-regolith fresh bedrock or sediments that ;‘J

interact with fluctuating ground water. |

(3) Some people have questioned the utility of the CZ concept because of its imprecise lower

variable thickness from place or place. On the contrary, this is precisely the

boundary and highly

benefit for using the CZ concept as it will force us to better define the variable and dynamic

lower boundary of the active water cycle, especially under unsaturated flow conditions,

Currently we do not know exactly where the active water flow ceases in the subsurface in

different ecosystems and geographic regions, yet such an understanding is important as this
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response and feedback times to aboveground changes in climate and land use.

heterogeneity in the CZ exhibits gaps between conceptualized scales. Meanwhile, networks

embedded in land mosaics are common features that may shed light on the efficient transfer

of energy, mass, entropy, and information in the CZ.

Each of the above characteristics is further elaborated in the following.

Together, these

characteristics could help forge a holistic and evolutionary worldview of the CZ. |

2.2.1 Irreversible Evolution

Natural systems are open systems in terms of energy, because solar energy enters freely and heat”,

energy goes back into space. Such thermodynamically open and dissipative systems have driven

entro which can be interpreted as an index of system’s disorder; Boltzmann, 1896). In the

meantime, Prigogine’s (1977) theory of dissipative structures suggests that, as energy dissipates,

complex structures are formed through the system’s self-organization (meaning a process of

attraction and repulsion in which the internal organization of a system increases in complexity

without being guided by an outside source). A balance exists between two opposing tendencies:

moving away from thermodynamic equilibrium (via organization) vs. slippage back towards it
(through dissipation) (Ulanowicz, 2009). ,

because time always moves forward in one direction. Many physical, chemical, and biological

changes occurred in nature are also irreversible (Prigogine, 1977), because energy dissipation

results in heat lose that cannot be totally converted back to work should the process be reversed.

Consequently, the exact same conditions can not occur again in the natural world (Tiezzi, 2006).

In particular, living creatures and ecosystems obey the laws of biological evolution: at any time

they are different from what they were an instant before (Tiezzi, 2006). This is the essence of

life. Time evolution also has accumulative and memory effects. In fact, life is only possible if it

does not start from zero for every new generation; rather, mechanisms to store information

gained, e.g.. through genes, make the evolution of life possible (Jorgensen, 2006). Over time,

thermodynamics, nature has a tendency to go toward disorder, with spontaneous increase in

Time irreversibility is essential to the evolution of the CZ. Unlike space, time cannot be reversed \

the evolution and functioning of the CZ (Lin, 2010b). As dictated by the second law of |

4. Horizontally, the CZ is highly heterogeneous. Hierarchical organization of ubiquitous

/
/

1
1
)

)
)
|
1|
1
L
|\
1\

\
\

| geological processes;y|
W (5) Human activity driven by socio-

0", Line spacing: 1.5 lines,
Numbered + Level: 1 + Numbering
Style: 1, 2,3, ... + Startat: 1 +
Alignment: Left + Aligned at: 0.25"
+ Tab after: 0.5" + Indent at: 0.5",
Tabs: 0.25", List tab + Not at 0.5"

Deleted: The processes occurring in the
'l CZ are highly dynamic, nonlinear, and
interdependent, governed by complex
, networks, linkages, and feedbacks that
; involve a vast array of physical,
chemical, biological, geological, and
anthropogenic systems. The NRC (2001)
identified the following four main
categories of processes occurring in the
CZ (of which at least the first two or three
are known to occur on other planets such
as Mars). A fifth category is added here,
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increasingly recognized as pervasive
(e.g., the Anthropocene has been defined
as “a new geological epoch in which
humankind has emerged as a globally
significant, and potentially intelligent,
force capable of reshaping the face of the
planet,” Clark et al., 2004).

(1) Tectonics driven by energy in the
mantle, which modifies the Earth surface
by geological processes such as
magmatism, faulting, uplift, erosion, and
subsidence, leading to the creation of
basic landforms over the geological
timescale;

(2) Weathering driven by the dynamics of
the atmosphere, hydrosphere, and
biosphere, which controls soil formation
and evolution from rocks or sediments,
water quality, ecological functions, and
biogeochemical cycles over generally
long timescale;

(3) Fluid transport driven by energy or
mass gradients (e.g., pressure,
temperature, and concentration), which
shapes the landscape and the distribution
of water, soil, vegetation, and microbes,
with water being the primary conduit;
(4) Biological activity driven by the need
for life-sustaining resources (water,
nutrients, air, and light), which controls
the biogeochemical cycling and
ecological functioning among soil, rock,
air, and water, and which greatly
accelerates weathering and spatio-
temporal variability in the CZ over much
shorter timescale as compared to
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evolution progresses towards more and more complex and organized systems (Tiezzi, 2006).

Many ordered systems exhibit emergent properties (i.e., properties that a system possesses in

addition to the sum of properties of its components, that is, the whole is more than the sum of its

arts).

Dissipative structure, along with information stored and aesthetics (quality) accumulated over

time, play a fundamental role in natural evolutionary process (Tiezzi, 2006). Both energy and

mass conservation and entropy and information accumulation are at work simultaneously in the

evolution of the CZ (Fig. 3) (Lin, 2010b). Therefore, cross fertilization between gvolutionary

the structure and function of the CZ (Lin, 2010b).

The CZ is also awash in events that occur once and never again. Jorgensen et al. (2007) and

can occur everywhere all the time and at all scales. Such a common phenomenon is probably

linked to the irreversible nature of time and dissipative processes described above. Furthermore,

the duality of chance and choice is characteristic of evolution of natural systems (Monod, 1971;

Tiezzi, 2006; Rinaldo et al., 2006). This duality leads to complex systems that disobey linear

deterministic laws; instead, the combination of chance and selection involved in evolution gives

rise to unexpected structures and events, the properties of which can be quite different from those

of the underlying elementary laws and may take the form of abrupt transitions, a multiplicity of

states, new patterns, or irregular and unpredictable outcomes, which is referred to as

deterministic chaos (Nicolis, 1995; Tiezzi, 2006).

Increasingly, human impacts on the CZ have become fundamental (Richter, 2007; Richter and

Mobley, 2009). Besides the forcing of tectonics, weathering, fluid transport, and biological

activities (NRC, 2001), the Anthropocene has been increasingly recognized, which is “a new

geological epoch in which humankind has emerged as a globally significant, and potentially

intelligent, force capable of reshaping the face of the planet” (Clark et al., 2004). Soil thickness

in the CZ, for example, illustrates well the accelerated changes caused by humans: average rate

of soil formation from bedrock weathering has been estimated by many as 1 mm per 1,000 years

or less, while the rate of soil erosion has reached an average rate of 10-20 mm per 1,000 years in

many areas because of human activities (McKenzie et al., 2004; Brantley et al., 2006). Such an
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imbalance between the slow production of new soil (which is generally infertile subsoil above

the bedrock) and the accelerated lose of fertile topsoil has severe negative and irreversible

consequences for the sustainability of the CZ.
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significantly interact with atmospheric processes, and thus they are as important as changes in

atmospheric dynamics and composition, ocean circulation, ice sheet extent, and orbit

perturbations in the studies of past and future climate change .
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saturate and the runoff pattern for a catchment (Lin et al., 2008b).,

here differs from randomness: the former is associated with order while the later is linked to

disorder. Currently no single theory emerges that is ideal for spatial aggregation (or upscaling),

disaggregation (or downscaling), and temporal inference (or prediction) of diverse processes
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mechanisms leading to soil heterogeneity, where systematic (ordered) variation can be identified

by environmental controls (such as climate, organisms, landform, and parent material), whereas

<«

12

W

WN

V2
Va

N
A\
N
A

\ \\\ \[Deleted: coating
\ \ \

Deleted: on the surface of soil
aggregates (

[

\ .
N \\{ Deleted: and

\

\ {Deleted: )
\

Deleted: Many interfaces are also
triggers of preferential flow and
significantly impact the upscaling or
downscaling of flow and transport
processes.

_ -l Formatted: Font color: Auto

-7 /{ Deleted: 3

// { Deleted: and Hierarchical Patterns
s

/
/
7

/
/-

/
/

/
/
/

~
~

Deleted: A third important
characteristic of the CZ is ubiquitous

J
]
]
J
)
J
]
]
)
)
]
]
J
]
)
)
)
]
]
J

Deleted: across space and time which
poses significant challenges for scaling
and for knowledge transfer from
laboratory to the field.

Deleted: Landscape heterogeneity may
’| be addressed by gradient or by pattern.
Various environmental gradients result in
different soil sequences when one of the
soil-forming factors dominates, resulting
in so-called climosequences,
biosequences, lithosequences,
toposequences, or chronosequences
(Jenny, 1941). Some areas in the CZ are
composed of gradients that change so
gradually that it is difficult to detect a
repeated pattern because there are no
clear edges. In areas where distinct
boundaries are defined with varying
degrees of contrast, patterns are useful to
describe heterogeneity. These boundaries
may be defined by structure or
composition of soil, rock, water,

topography, vegetation, or anthrd” [34]

{Formatted: Font: Not Italic

J

/{ Formatted

... [35]

7

’
7
/



random (disordered) variation is stochastic. Differentiation of systematic vs. random variations

allows a focus on the proportion of the CZ variability that can be related to known causes.

elements, with each element having its own heterogeneity. These elements are often intricately

woven together due to the interactions of different processes_occurred in the CZ, Bell (1999)
suggested that it is possible to consider landscapes as complexes of networks and mosaics. The
networks are patterns of linear-oriented features, such as the meandering and branching systems
that run through and between the elements that produce the mosaics. _"Mosaic patterns can be

. . . . . . .
found over a wide range of spatial scales, from the submicroscopic soil matrix fo the entire /|

pedosphere. Mosaics arise because of uneven and dynamic energy inputs into the open system, of |

the CZ, leading to structural and compositional heterogeneity at all scales. The mosaic patterns

can be determined by mechanisms characteristic of underlying processes, jncluding (Bell, 1999):
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There is an apparent hierarchy in the heterogeneity of soils and the CZ (Fig. 5). Patterns may
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emerge (emergent properties) at a large scale from the complex interactions of a large number of

change jn a hierarchical manner as scale changes. Therefore hierarchical frameworks have been

utilized by geoscientists, soil scientists, and hydrologists as a means for organizing natural
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hierarchy that can be integrated into models of scaling, flow, and rate processes remains a major

research challenge today, where gaps exist in between hierarchical levels (Fig. 5). The present |

inability to adequately characterize subsurface heterogeneity exacerbates the scaling problem and

leads to significant uncertainties in data interpretations and model predictions for the CZ

(Sophocleous, 2002),
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von Bertalanffy (1968) indicated that there is a general lack of appropriate scientific means for<,
W s 1~
dealing with systems between extremes—systems of so-called medium numbers (Fig. 5). ‘\
Weinberg (1975) described three t
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for analysis and too organized for statistics. This is the region of systems with medium
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treatments).

As remote sensing techniques for estimating large-area soil, hydrologic, and ecosystem patterns,

]
and in situ point-based measurements continue to be developed. bridging multiple scales from

|
points to watersheds and to the globe becomes essential. While advanced imaging, spectroscopic, |

and other technologies become widely used at the pore or even molecular level, and computer
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(1) How do soil architecture and the distribution of soils over the landscape exert a first-order
control on hydrologic processes (and associated biogeochemical and ecological dynamics)

across spatio-temporal scales? ‘

(2) How does landscape water (and the associated transport of energy, sediment, chemicals, and

biomaterials by flowing water) influence soil genesis, evolution, variability, and functions? i,
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Landscape water here encompasses the source, storage, availability, flux, pathway, residence

time, and spatio-temporal distribution of water in the variably-unsaturated near-surface

)

Deleted: The first question cal

l
J

... [43

Deleted: can

| Deleted: summarized into the following

[

I

I
Iy

[
/' Deleted: Fig. 6

A

!
Iy
[

Formatted

1

’ Deleted: as
)

i,

(
(
(
“’[ Deleted: interrelated arcas
(
(
(
[ Deleted: the foundation of flo

I,
Il

[ Formatted

—| = —
PR RS B
(205, N
| =

J

Deleted: in field soils,

Deleted: emphasizing quantitative

i)'l Deleted: impact on

environment (Lin et al., 2006a). While source, storage, availability, and flux of water have been

studied extensively in the past, attention to flow pathways (especially flow networks). residence

time (age of water), and spatio-temporal pattern of flow dynamics (and its underlying organizing

principles) has been much less (McDonnell et al., 2007).

I

on hydrologic, biogeochemical, and ecological processes; I

,,,,,,,,,,,,,,,,,,,,, S

I
I
i

,/| Deleted: across scales

)

Formatted

g

... [47

Deleted: asa

Deleted: , with an emphasis on

Deleted: quantitative

Deleted: its impact on

Deleted: landscape

hydrological

o A

m
=]
=
3
g
[}
o
1

... [48

Deleted: , emphasizing

Deleted: evolution and their values as

)

... [49

—

Deleted: mapping

m
=]
=
3
g
[}
o
o
= =
~— —

G , Ly !
. . . . o J,C’/"{Formatted ... [51
(3) Soil_morphology and pedogenesis, are, signatures of soil hydrology and records of soil /// " { Deleted: as )
Iy H
. . s . )
changes over time. Hydropedology emphasizes quantitative soil hydromorphology and the // ”’////// ' [ Deleted: soil hydrologic properties |
I /// -
values of soil environmental records; ) . Deleted: . )
77777777777777777777777777777777777777777777777777777777777 b7,
W: . { Formatted ... [52]

(4) Soil functions_and maps are, “carriers” of soil quality and soil-landscape heterogeneity, J/~

. { Deleted: with an emphasis on

/

~

N~
N
N

’
’
7
/

15 «

~
*********** = - - - - - - - - - T /.

. B { Deleted: maps and cataloging of

N { Deleted: hydrologic

‘[ Deleted: s

‘[ Deleted:

{ Deleted: in the landscape

o A

{ Formatted
7/

—
(9]

1

—




. . . . _-| Deleted: The first fundamental issue is
Lin et al. (2005) have provided a comprehensive review to the above fundamental issues. In the -~ | finked to the CZ’s feature of layers and
. . . . V- v - - interfaces; the second one is related to the
following, onlv a brlef update since then is provided to exemplify the contributions from heterogeneity and hierarchical patterns of
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, O the CZ; the third one is connected to the
hvdropedologv to the needed integrated, interdisciplinary, and multiscale studies of the CZ. v

. cycles and coupled systems of the CZ;
v V| and the last one integrates the above
—— ==~

\ \\ \\ three. In the following,
3.1.1 Soil structure and horizonation:_their impacts on preferential flow \\ [ peteted: sc

{Deleted are
Jjat}lz@l,S,O,ll,S,ge,n,ezaLlLV,9911t§1,n,£n,u,1t,1919,119r12911§,é@@,69911,h9£1,2913,1§,8£1119£u19<1191&£@y§ I
N

\ Deleted: further discussed in greater
detail
degrees (Figs. 6 and 7), Soil architecture is used broadly here to encompass three parts: (1) solid \ \\ {Deleted

components, including soil matrix (represented by soil texture and its microfabic) and soil

“ \\ \\{Deleted q

)
]
J
|
)
J

. . . ' ' | Deleted: 2
aggregation (represented by the type, quantity, and size distribution of peds, and aggregate i {
t“ {Deleted.lFo.undatilon of flow and
stability); (2) pore space, including the size distribution, connectivity, tortuosity, density, and 'M\\ !, transport in field soils:
] « y .
. . . | Deleted: “Ped” (a naturally-formed soil
morphology of various pores; and (3) interfaces between solid components and the pore space, '

\ aggregate such as a block, granule, plate,
| cgate
such as coatings on peds or pores, and the interfaces of macropore-matrix, soil-root, microbe-

or prism) is a unique term, and
edology” (a branch of soil science that
aggregate, and in between horizons.

integrates and quantifies the morphology,
formation, distribution, and classification
of soils as natural or anthropogenically-
« “\ ! \\\\ modified landscape entities) reflects that
. . . oy . . | | . . .
Because of heterogeneous soil architecture, variability in energy and mass inputs to soils, and uniqueness. Natural soil architecture and
I ,\\\\ how it changes horizontally, vertically,
\
. . . . . . \ | and temporally are of essence to
diversity in soil hydrologic processes and biological activities, preferential flow can occur in | understanding soil physical, chemical,
practically all natural soils and landscapes (Fig. 6) (Lin, 2010a)

. i '\ and biological T
AS C]()th]er et al. (2008) \“ \\ |\ | an 10logical processes.

1\\\ Deleted: hatn
summarized well, preferential flow can occur spatially at the pore scale of spatial order 10~ m, at

\ ‘[

\ \\[ Deleted: are
(
(

|\
\

the core scale (10" m), in pedons (10° m), down hillslopes (10'-10°> m), through catchments (10*-

\ ‘\ Deleted: at different scales
\

A

5 6 \‘\ \\ Formatted: Font: Italic
. o S . ‘
10 m), and across large regions of >10° m. Time-wise, preferential flow can operate during ! Deleted: is the rule; whereas the
0 1 . . 2 ! existence of a macroscopic homogeneity
fluid flows at the temporal order of 10°-10" s, during hydrological events 10°-10" hours, ' | is the exception (Bouma and Dekker,
0 . Lo 0 1978; Hoogmoed and Bouma, 1980;
throughout seasonal changes 10" year, and across inter-annual variations of 10" years !

/ Vogel and Roth, 2003). It has been said

' that a crushed or pulverized sample of the
. . . . . . soil is related to the soil formed by nature
Based on several theoretical considerations and numerous published evidence, Lin (2010a) has

! like a pile of debris is to a demolished
(“ building (Kubiena, 1938). Lin (2007) also
attempted to justify the likely universality of preferential flow in natural soils—meaning that the suggested that a crushed soil sample is as
‘l“ akin to a natural soil profile as a package
: : : 1| of ground beef'is to a living cow. The
potential for preferential flow occurrence is anywhere in nature, although the actual occurrence | fundamental difference between in st
. .. . . | soils in the landscape and disturbed soil
of preferential flow will depend on local conditions (Lin and Zhou, 2008). Lin (2010a) also | materials in the laboratory lies in “soil
. . . | | architecture.” The soil is a living entity,
showed that networks are abundant in soils, such as root branching networks, mycorrhizal | | with many dynamic forces acting upon it
so its internal architecture forms and
evolves over time to serve multiple
|| functions. A new era of soils research
H 5 should rely on soil architecture—built
drainage networks, and pore networks between soil particles and aggregates. These networks | upon the past “texture.centered” [ [54]
! (
provide preferential flow conduits, which in return reinforces or modifies the existing networks

‘)[ Deleted: q

)
[ Formatted ... [55]
) , { Formatted ... [56]

mycelial networks, animal borrowing networks, crack and fissure networks, artificial subsurface

16

<«



3.1.2 Soil catena and distribution: their controls on landscape water movement
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of soil formation). _This soil pattern is often referred to as a “soilscape,” i.e., the pedologic u\‘\\'w\\
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particular pattern of soils, water, climate, and land usg; USDA-NRCS, 2006)., '

Catenas in different climatic and physiographic regions may exhibit markedly different “,;

relationships between soil and hydrologic properties (Schaetzl and Anderson, 2005; Lin et al.,
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permanent or temporary state of water saturation in the soil associated with conditions of

NRCS, 1998). The spatial relationships of redox depletions and redox concentrations may be

used to interpret the pattern of water and air movement in soils (Vepraskas, 1992). The presence

N

Y
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forming factors affect and are affected by hydrology. Water from precipitation is a primary

requisite for parent material weathering and soil development. To reach a highly developed W

. . . . . \
stage, sufficient amount of water must not only enter the profile and participate in weathering

reactions, but also percolate through the profile and translocate weathering products (such as

solutes and clays). Therefore, the characteristics of a soil profile may reflect the total amount of

water that has passed through it over time, which has potential merits in quantifying pedogenesis.

Jo illustrate, Fig. 7 shows a general sequence of soil development from a young Entisol to a
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As more structural (organized) heterogeneity develops through pedogenesis, more preferential

flow (vertically or laterally or both) would likely occur (Lin, 2010a). ,

3.1.4 Soil functions, and maps: their connections to soil hydraulic properties
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Soil carbon content is widely recognized as a major factor in the overall quality and

functions of soils, but human land use/management has significant impacts on soil carbon and

overall soil quality. The concepts of “genoform” (for genetically defined soil series) and

“phenoform” (for soil types resulting from a particular form of management in a given
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genoform) (Droogers and Bouma, 1997) offers a possible means to incorporate management

effects into hydropedologic characterizations of soil functions, which can enhance pedotransfer /

functions that involve soil series and land use as carriers of soil hydraulic properties. /
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noninvasively, and then linking such soil architectural parameters to field-measured soil -

hydraulic properties;

e Hydropedology considers the soil as a “living” entity in the landscape, rather than a

“dead” material. As Kubiena (1938) pointed out, a crushed or pulverized sample of the

soil is related to the soil formed by nature like a pile of debris is to a demolished building.

Lin (2007) also suggested that a crushed soil sample is as akin to a natural soil profile as

a package of ground beef'is to a living cow;

e Hydropedology attempts to link the form and function of a soil system across scales (Lin

et al., 2006a), rather than mapping soils without considering soil functions or modeling

soils without incorporating soil architecture and soil-landscape patterns.

Jenny (1941) noted, “The goal of soil geographer is the assemblage of soil knowledge in the

form of a map. In contrast, the goal of the ‘functionalist’ is the assemblage of soil knowledge in

the form of a curve or an equation... Clearly, it is the union of the geographic and the functional

method that provides the most effective means of pedological research.” Such a union of soil

maps and soil functions is what hydropedology hopes to accomplish, in quantitative ways.
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Second, hydropedology deals with the variably unsaturated or saturated zone in the near-surface

environment, including the shallow root zone, deep vadose zone, temporally-saturated soil zone,

capillary fringe, wetlands, and subaqueous soils (soils that form in sediment found in shallow

permanently flooded environments such as in an estuary) (Demas and Rabenhorst, 2001). Three

related key aspects are noted here:, -

e Hydrology has the potential to be an integrating factor for quantifying soil formation and )

evolution as well as for understanding soil changes (Lin et al., 2005), hence a focus on
water may improve means for quantifying dynamic soil functions;

e New ways of characterizing and mapping soils may be linked to hydrology, such as

pedologic and hydrologic functions (Lin et al., 2008b);

e The interpretation and quantification of soils as historical records of environmental

changes may be significantly improved if hydrologic data are considered simultaneously.
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This is demonstrated in some studies of palesols and palehydrology (Ashley and Driese,

2000)

Hydropedology is closely linked to CZ science because of the key roles that soil and water play

together in the CZ’s evolution and functioning. Specifically, these links include the following:

.
e The interrelationships between hydropedology and ecohydrology, and how they influence

soil moisture, ground water recharge, ecological health and diversity, and environmental

quality in general (e.g.. Young et al., 2007; Li et al., 2009);

e The integration of hydropedology and hydrogeology, which can provide a more holistic

view and prediction of subsurface flow and transport from the ground surface all the way

down to the ground water (e.g., Lin, 2003);

e The linkage between hydropedology and hydrometeorology. which includes issues
related to soil moisture and global climate change, soil carbon sequestration, greenhouse

gas emission from soils, and remote sensing of soil climate (e.g., Lam et al., 2007);

e The coupling of hydropedology and biogeochemistry, including the identification of hot

spots and hot moments of biogeochemical cycles in different ecosystems (e.g., McClain

et al., 2003; Lohse et al., 2009):

e The study of palesols and palehydrology, which shows valuable historical records of past

environment and ancient landscape-soil-water relationships (e.g., Ashley and Driese,

2000);

e The connection between hydropedology and land use planning, because how natural soils

“throb” upon precipitation inputs under various climatic regimes offers clues as to “what”

can best be done and “where” with the lowest risks and the greatest opportunities for land

use and management (e.g., Bouma, 2006).

4 Opportunities for Advancing Critical Zone Science and Hydropedology

Given the growing interests in CZ science (e.g., Brantley et al., 2007; Richter and Mobley, 2009)

and hydropedology (e.g., Lin et al., 2006a, 2008a; Li et al., 2009). it is beneficial at this early

stage of their developments to discuss some possible ways for their advancements. In this
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section, three approaches are discussed, which are based on recent efforts in Critical Zone

Observatories (CZOs) and other similar efforts around the world (Richter and Mobley, 2009). |

Key approaches or steps that need to be taken or strengthened in order to achieve significant ,

advancements in our understanding and prediction of the CZ are explored, with a focus on those |

germane to hydropedology. No attempt, however, is made here to exclusively consider all

possible approaches and aspects. The examples present below are meant to be illustrative, rather

than exhaustive. Hopefully, such a discussion would stimulate more coming from the |
community. i

4.1 Integrated Systems Approach |

Most natural systems are irreducible, meaning that the systems properties cannot be revealed bv“y‘

a reduction to some observations of the behavior of their components. Instead, it is necessary to !

observe the entire system to capture its behavior because everything is dependent on everything |
else by direct or indirect linkages. Tiezzi (2006) suggested the need for a new theory to describe |

ecosystem’s behavior, because the laws that describe the system may be qualitatively different !

from those that govern its individual units. Reductionist’s approach does not work well for !

understanding the complexity in soils and the CZ because of evolutionary nature and interactions

and feedback loops among individual units in the system. Toffler (1984) remarked, “One of the !

most highly developed skills in contemporary Western civilization is dissection. the split-up of '

problems into their smallest possible components. We are good at it. So good, we often forget to

put the pieces back together again ...We say ceteris paribus—all other things being equal. In this |

way we can ignore the complex interactions between our problem and the rest of the universe.” \

The four general characteristics of the CZ discussed in Section 2.2 offers a holistic framework !

for a systems understanding of the CZ (Fig. 3). Lin (2010b) further discussed the use of non- !

equilibrium thermodynamics, general systems theory, and complexity science to embrace an '

evolutionary and holistic worldview of the soil and the CZ that goes beyond the classical !

Lin (2010b

emphasized the \

mechanistic _and reductionistic worldview. In particular \

accumulation of entropy and information, in addition to the conservation of energy and mass, in

the evolution of the CZ. Entropy, as a core thermodynamic variable, offers a possible new

/

perspective to understand the interactions between soil systems and their surrounding -,

environment in the CZ. Entropy has the intrinsic properties of time irreversibility as well as ,

22 -

Deleted: Integration of mapping,
monitoring, and modeling (3M) is
suggested here as a strategy for
advancing the study of the CZ and
hydropedology (Fig. 9). An iterative loop
of this 3M allows the development of
adaptive strategy as our knowledge and
database expand. Mapping addresses
spatial heterogeneity in the CZ, provides
a sense of location in monitoring, and
facilitates spatially-distributed modeling.
Monitoring records the temporal
dynamics and cycles in the CZ, provides
ground truthing for mapping and spatial
interpolation or extrapolation, and
supplies model inputs or validates model
outputs. Modeling integrates the form and
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‘We normally monitor pedons to collect
point-based data and model landscapes
attempting to understand areal-wide
patterns. A key connecting these two is
the mapping of various soils and
landscape features, because the fabric of
soils over the landscape provides valuable
clues to appropriate selection of
monitoring/sampling sites and the design
of modeling experiments. Relatively
static properties such as topography and
soil texture may be mapped to assist in
monitoring and modeling, while dynamic
properties such as hydrology and soil
moisture should be monitored to refine
model predictions and to provide ground
truthing for mapping and remote sensing.
Mapping also provides a means of
diagnosing and stratifying the landscape
before designing experiments and
selecting optimal number of monitoring
sites. Thus, the value of mapping in the
study of the CZ and hydropedology
should not be overlooked. 9

The 3M strategy has been employed in
the hydropedology study in the Shale
Hills Catchment, one of the first U.S.
National Critical Zone Observatories (Lin
et al., 2006; Lin, 2006; Lin and Zhou,
2008). Based on comprehensive surveys
and various maps developed for this
catchment, an extensive soil moisture
monitoring network has been developed
(Fig. 10). Example data shown in Fig.
10b demonstrates the importance of
location, depth, and flow pathways in soil
monitoring. Valuable experience from

our initial hydropedology studie” [79]
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quality and information that other thermodynamic functions lack (Tiezzi, 2006; Jorgensen et al.,

2007; Ulanowicz, 2009). “Conservation_without evolution is death. Evolution without

conservation is madness.”’ These words of Bateson (1979) underline a fundamental characteristic

of complex natural systems such as soils and the CZ.

Integration of disciplinary research is a key to future progress in CZ science. Many other

disciplines besides hydropedology are involved in the CZ (e.g.. Brantley et al., 2006, 2007;

Richter and Mobley, 2009; Li et al., 2009). Figures 1 to 5 have illustrated this point. In sum, the

CZ’s general characteristics shown in Fig. 3 imply the following four grand challenges for

advancing CZ science that demands an integrated systems approach:

forcing as external drivers rather than as intrinsic parts of the whole system. It is these

forces that have driven the CZ far from equilibrium, and confronted the CZ with chances

and choices in its evolution (Lin, 2010b). The hydrologic community is now keenly

interested in human impacts, biological forcing, and climate change on the hydrologic

cycle (CUAHSI, 2007); the geochemical community is tackling weathering systems

science that includes climatic, tectonic, and anthropogenic forces (Anderson et al., 2004);

and the soil science community is embracing human land use/management impacts on

soils as a new frontier (Richter, 2007).
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e Coupling: Biogeochemical and ecological cycles are tightly coupled with the hydrologic .~

cycle and soil reservoir. Reconciliation of the geological “big” cycle and the biological

“small” cycle is essential for understanding and predicting the CZ. The classical average

budget-based cyclic approach needs to be complemented by more process-based dynamic

coupling to quantify enormous variability across scales.
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e Interfacing: The presence of interfaces between two or more layered compartments is an .-~

important _element of the CZ. The role of these interfaces in understanding the

interactions and feedbacks between compartments and their regulatory impacts on the

whole CZ deserves more attention in defining research questions for the CZ (Vereeken,

2009). Key interfaces in the CZ provide fertile ground for transformative research, where

interactions among physical, chemical, biological, and anthropogenic processes prevail,

leading to “hot spots” and “hot moments” of the CZ’s behavior (McClain et al., 2003).
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e Scaling: Scale bridging remains a big challenge in nearly all hydrologic, pedologic,

processes and their controls change with spatial and temporal scales, and to explore

quantitative means to transfer knowledge from microscopic (e.g., molecular and pore), to

mesoscopic (e.g., pedon and catena), macroscopic (e.g., watershed and regional), and to

megascopic (e.g.. continental and global) levels. The intermediate scale associated with

medium number systems (Fig. 5) deserves particular attention, which is most challenging.

4.2 Evolutionary Mapping-Monitoring-Modeling Framework ’

1
An iterative loop of mapping, monitoring, and modeling (3M) can provide an integrated and !

|
evolutionary approach to address the complexity and dynamics in the CZ (Fig. 9), at least as a !

|
good starting point to deal with many uncertainties involved. Such an evolutionary approach !

|

allows the development of adaptive strategy and the refinement of models and monitoring !

I

networks as knowledge and database are accumulated. !

|
|

< !
Monitoring is essential to record temporal dynamics and coupled cycles in the CZ. It also !
|

Considering the multi-phase nature of the soil system (gaseous. liquid, solid, and biotic phases), \»

it is inadequate to determine soil change by only one characteristic, because each soil phase and
property has its own characteristic response time. Some soil changes are inherently long-term,

undetectable in a short period of time, but irreversible and threshold-like in the long-term. This |

evolutionary process presents significant challenges to designing and implementing scientific

monitoring program for the CZ. However, ecosystem services, biodiversity, sustainable land

management, and global environmental changes all depend on the evolution of the soil.

Therefore, long-term monitoring of soil changes is essential.

Models are necessary tools for quantitative assessment, knowledge integration, and prediction.

Models can also guide the design and site selection for monitoring and ground truthing. When

integrated with real-time monitoring and spatially-distributed mapping, models can effectively

address temporal trends and spatial patterns. However, the hydrology community is awaiting a

conceptual breakthrough that goes beyond the classical small-scale physics (Beven, 2006;

Kirchner, 2006; McDonnell et al., 2007; Lin, 2010a). Subsurface flow networks are often
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We also need new ways of mapping soils
beyond the classical approaches where
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The goal of such HFUs is to subdivide
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hydropedologic units by groupin| [80]
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embedded in land mosaics, which may be conceptualized to provide an alternative to modeling

coupled hydrologic and biogeochemical processes, where internal network structures govern

vertical and lateral preferential flow dynamics and threshold-like hydrologic response (e.g.,
Tromp Van Meerveld and McDonnell, 2006; Lehmann et al., 2007; Lin et al., 2008b). Such an

Formatted: Font: (Default)

approach, however, hinges on technological breakthrough in characterizing subsurface networks., .-~ ){Advp4g7E2

The value of mapping in the study of the CZ should not be overlooked. Monitoring generally

collects point-based data, while modeling often attempts to cover large areas. A key to connect

the two is the fabric of the subsurface over the landscape that should be mapped at appropriate

spatial and temporal resolution, so that meaningful extrapolation and upscaling of point-based

data could be made. Mapping also provides a means of diagnosing and stratifying the landscape

for determining optimal location and number of monitoring sites as well as designing meaningful

model experiments. Mapping is also a prerequisite for spatially-distributed modeling. While

geostatistics provides powerful jnterpolative tools after an extensive dataset has been gathered on

a_particular area, it is not a powerful extrapolative tool. Geostatistical functions should be

derived from landscape stratified units (such as soil type., geology, land use) and not

indiscriminately across a broad landscape without prior partitioning of the causes of variability.

Inherent heterogeneity of spatial structures across scales remains a major challenge in

understanding the CZ. All processes within the subsurface are bound to this structural

framework, which is typically unknown or hard to quantify with currently available technologies

(Vogel and Roth, 2003). This is a fundamental difference compared to atmospheric monitoring

where the heterogeneity of the system can be explored at one sensor location. But the signals of

two sensors at nearby locations in many soils may be completely uncorrelated. This is why we

need the mapping of the subsurface heterogeneity. Then, and only then, can the point-based

monitoring provide the required observations to develop and improve predictive potential of

process-based models (Vogel, 2009). The terrestrial land is unlike atmosphere and ocean (which

can be modeled as a continuous fluid); rather, the land poses hierarchical heterogeneities with

controlling structures different at various scales, which dictate flow and reaction pathways and

patterns. For example, flow direction and its temporal changes is as important as flow rate in

three-dimensional hydrologic and biogeochemical processes in the heterogeneous landscape.
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Significant breakthroughs in technologies are also needed to advance CZ science and

-
-
-

hydropedology, such as:

-

monitoring. Many existing sensors may break in the field within a few months or do not

work at all in frozen conditions. Besides, many CZ properties still can not be monitored

/
/

in situ with a real-time sensor;

/
S
/

o Subsurface characterization technologies including geophysical tools and remote sensing /" /
sl
that can provide continuous map or image the subsurface architecture and processes jn ,/ /!
Iy
situ_and noninvasively. Currently, the spatial resolution, or temporal frequency, or depth ’//,’ !
,”,/ !
penetration of many of these technologies are limited for belowground investigations; o
!
1!
<, |
e Online databases that are opened to the community and are comprehensive, together with / !

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, \
\

global alliance for monitoring, mapping, and modeling of the CZ is desirable. Long-term | .
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development, but it is clear that it will require inputs from many basic and applied disciplines.
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In 2007, the U.S. National Science Foundation funded three Critical Zone Observatories (CZOs)

(Fig. 9) “that will operate at the watershed scale and that will significantly advance our

understanding of the integration and coupling of Earth surface processes as mediated by the

presence_and flux of fresh water” (http://www.nsf.gov/pubs/2006/nsf06588/nsf06588.pdf).
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'l health of our land—through monitoring
its “blood pressure” (soil water potential),
temperature, respiration, and other signs
of global change—is fundamental to CZ
studies. The famous “Keeling Curve” of
long-term CO, data demonstrated the
value of continuous recording of a
seemingly routine atmospheric
measurement, which turned out to be a
vital sign of the Earth’s climate and led to
the first alert to the world about the
anthropogenic contribution to the
"greenhouse effect" and global warming.
The long-term study at the Hubbard
Brook Experimental Forest is another
example that demonstrated undiminishing
scientific returns and led to the discovery
of “acid rain” in North America. In this
time of accelerating global change,
continuous Earth observations are
essential as they have the potential to
open our eyes for unexpected but relevant
developments and processes.q|

It is important to connect mapping with
long-term monitoring of the CZ. A major
challenge in understanding the CZ is the
inherent heterogeneity of three-
dimensional spatial structures across
scales. All processes within the
subsurface are bound to this structural

| framework, which is typically un(™ [81]
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2009, additional three CZOs have been funded (Fig. 9). In the meantime, German’s Helmholtz

Association has established four TERestrial ENvironmental Observatories (TERENO) in 2008- -~ {Formaﬁed: Underline
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09 to investigate the consequences of global change for terrestrial ecosystems and the associated B { Formatted: Underline
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socioeconomic implications (http://www.tereno.net/). In 2009, the EU 7th Framework

Programme has selected to fund a project that

supports four CZOs in EU

(http://cordis.europa.eu/fp7/). Similar efforts are being pursued in other countries such as

Australia and China. Therefore, now is the right time to foster a global alliance for studying the

CZ, which may best be realized in a coordinated way to maximize the benefit for global Deleted: With advances in various

.. . . ) ,/ sensor technologies, data handling and
In addition, interests have also emerged in the community to forge /| transmission facilities, now is the right

environmental research.

, time to go for a global monitoring
independently  conceived  observatories into a  network  from  which  broader / | program ofthe CZ that should be realized
/ in a coordinated way to maximize the
understandine—Iar tial 1 it . d d insioht b /’ benefit for global environmental research.
s ger spatial scales, cross-site comparisons, and deeper insights—may be T particular, “hot spots” based on the
. o . . . / projected global change should be
gained (Anderson et al., 2008). Together, our capability to predict the behavior and evolution of /

10111y 1O predicCt the benavior and evolution or selected to monitor the impacts of global
climate and land use change on future
landscape-soil-water-ecosystem

relationships. Critical Zone
alliance can be effectively fostered \ Observatories, as initiated in the U.S., are
-an be cliecuvely fostered. ‘. excellent platforms for addressing such
|

grand challenges, where terrestrial

i
. . . . . . . ., . . . | .
Besides spatial networking of CZOs and alike, long-term monitoring also is critical. In this time processes and ecosystem dynamics are

i ;tulcl;ecll) through detaiéed multidisciplinary
. . . . 1 in sit itori
of accelerating global change. continuous CZ observations are essential as they have the 1| |5 0ot e it o ding

. W and detailed mapping.

otential to open our eyes for unexpected but relevant developments and processes. For example, To proceed with such a global alliance,
. . M we should develop international
the famous “Keeling Curve” of long-term CO, data demonstrated the value of continuous ! | monitoring protocols and standards. Once
- Rl the agreed protocols and standards are
recording of a seemingly routine atmospheric measurement, which turned out to be a vital sign 1| | developed, then the selection of sites for
i1 major soils of the world along
5 : : : : 1 heterogeneity gradients would be an

of the Earth’s climate and led to the first alert to the world about the anthropogenic contribution important next step. Mapping and
i modeling should be used in assisting the
i1 | selection of major monitoring sites. Once
. L . . ( N monitoring sites are chosen, real-time
at the Hubbard Brook Experimental Forest demonstrated undiminishing scientific returns of 1| | monitoring datasets should be
W continuously utilized, in combination
with precision mapping and process-
) 11| based modeling, to provide spatial

: _ : 5 : \ || extrapolations and temporal inferences
1972. Likens and Bormann, 1974). Long-term recording of the health of the CZ’s foundation ' | about the trends and feedbacks in the CZ.

to the “greenhouse effect” and global warming (Keeling, 2008). Similarly, the long-term study

routine measurements that led to the discovery of “acid rain” in North America (Likens et al.,
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—soil, through monitoring its “blood pressure” (soil water potential), temperature, respiration, it

Deleted: (including the productivity
I and health of soil and the quantity and
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carbon sequestration, and other potential key signs of global land change, is essential to the
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sustainability of ecosystem services, continued productivity of the soil, quality of water and air, )|

and a balanced growth of human society with natural systems.

modeling of the CZ
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5 Summary and Conclusion

The emerging interests in the Critical Zone and the establishment of Critical Zone Observatories<\\\/ -

\
\
\

(and alike) in different parts of the world provide an excellent opportunity to advance the

understanding and management of the most complex and heterogeneous biomaterials on the

Earth surface. Key approaches or steps discussed in this paper to achieve significant

advancements include (but not limited to):

lintegrated systems approach that cross-fertilizes the principles of energy and mass

conservation and entropy and information accumulation in interdisciplinary and

multiscale studies;

Evolutionary mapping-monitoring-modeling framework that allows the development of
[

both adaptive strategy and a systematic characterization of subsurface heterogeneity:
I

Formation of a global alliance that monitors, maps, and models the CZ in a coordinated
1

manner that can stimulate cross-site scientific comparisons, evolutionary treatment of
I

organized complex systems, and deeper insights into the CZ.
|

Water and soil combined is a key to understanding the Earth’s Critical Zone. While the soil is at
I

the central junction of all the interacting compartments in the CZ, the whole CZ is much broader
!

than soils and includes aboveground vegetation and belowground aquifer. A broadened
|

perspective on soils is needed to propel soil science forward and to promote its integration with
I

other bio- and geosciences using the unifying theme of the CZ.
I

interface between the pedosphere and the hydrosphere.

Deleted: The CZ concept provides a
synergistic framework for holistic studies
of terrestrial ecosystems and their
foundation—soil and water. While soil is
central to the CZ, the entire CZ requires
integration with above-ground vegetation
. and below-soil aquifer.
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the right platform for breakthrough
collaborations across scientific
disciplines, including soil science,
hydrology, geosciences, and others.q
The crucial juncture of all the
interacting spheres on the Earth surface is
the product of five soil-forming factors
plus human impacts. The pedosphere is a
unique, relatively immobile, and highly
heterogeneous and dynamic sphere. In
contrast to the other spheres of the Earth
system, the pedosphere can neither
quickly intermix (as the atmosphere
does), nor rapidly move laterally along
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List of Figures

Figure 1. Concepts of the Critical Zone, regolith, weathering profile, soil profile, and solum

(modified from Schaetzl and Anderson, 2005). The unmodified/unweathered portion of the C

horizon is labelled as D horizon (after Tandarich et al., 1994). All materials above fresh,

unweathered bedrock (R horizon) are called regolith, which is equivalent to a broad definition of

the soil. The Critical Zone is the broadest concept, going from the top of the tree to the bottom of

the aquifer. Also illustrated here are (1) the abundance of microbes and insects in the soil,

especially in the surface, and (2) fresh water seeping out of an aquifer and running over exposed

bedrock.

Figure 2. The “7 + 1” roles of the soil from the Earth’s Critical Zone to Mars exploration: (1)

Soil is a natural recorder of the Earth’s history through its formation and evolution under the

influence of climate, organisms, parent material, relief, time, and human impacts; (2) Soil is a

fresh water storage and transmitting mantle in the Earth’s CZ: (3) Soil is a gas and energy

regulating geoderma in the land-atmosphere interface; (4) Soil is the foundation of diverse

ecosystems: (5) Soil is a living porous substrate essential for plant growth, animal production,

and food supply; (6) Soil is a popular material for a variety of engineering and construction

applications; (7) Soil is a great natural remediation and buffering medium in the environment;

and (8) Soil is a possible habitat for extraterrestrial life, if any can be found, and serves as a

frontier in extraterrestrial explorations to explore signs of liquid water and life. In the lower

panel, two models for the outlook of soil science are illustrated: one is a broad perspective

(“outward” growth) and the other is a narrow view (“inward” contraction).

Figure 3. Schematic of the Critical Zone (CZ) open to continuous energy and mass exchange
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B { Formatted: Font: Italic

evolutionary outcome and the functioning of the CZ. Irreversible evolution, coupled cycling,

interactive layers, and hierarchical heterogeneity are characteristic of the CZ. The reconciliation

of coupled geological and biological cycles vastly different in space and time are essential to the

understanding of the complexity and dynamics of the CZ.

Figure 4. Principle sub-cycles within the geological “big” cycle and the biological “small” cycle,

which are integrated into the evolutionary hostory of the Earth and life.

Figure 5. Left: A hierarchical framework for bridging multiple scales from the molecular to the

global levels. Pedon at a local point is considered here as the basic scale (i) of observation or

monitoring, and i+1...4 indicate arbitrary labels of larger or smaller scales. Note the gap exists in

B { Formatted: Font: Bold, Italic
between scales. Right: Three types of systems with respect to different methods of thinking. .-~

There is a wide gap between the two extremes, where systems in medium numbers are too

complex for analysis and too organized for statistics (modified from Weinberg, 1975).

Figure 6. Illustration of strong connection between ubiquitous heterogeneity and diverse

preferential flow in natural soils. Two contrasting soil columns visualized under X-ray show

earthworm borrows and root channels in an agricultural soil derived from limestone (left) and

large amount of rock fragments in a forest soil derived from shale (right).
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Figure 7. A general sequence of soil development from a young Entisol (left) to a highly- {“”e spacing: Double

weathered Ultisol (right) under well-drained conditions. The graduate formation of various soil

horizons and the deepening of soil profile through time depend on the weathering rate of the

underlying bedrock (R horizon), the accumulation rate of organic matter (O and A horizons), and

the percolation rate of water through the soil profile. To reach a highly developed soil (such as an

Alfisol and Ultisol), sufficient amount of water must not only enter the profile and participate in Formatted: Position: Horizontal:

,"| Center, Relative to: Margin, Vertical:
K 0", Relative to: Paragraph, Wrap
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weathering reactions, but also percolate through the profile and translocate weathering products

(such as solutes and clays). Further development from Alfisol to Ultisol leads to distinct

eluviation of clay, iron, and aluminium oxides, leaving behind a light color and coarse texture E

horizon and forming a high clay accumulation Bt horizon that often becomes an aquitard.

transformations and the formation of ferricrete in relation to iron mobilization and water flow

pathways. Lower: Free-water levels at the end of a wet season (from March to June) along a

toposequence near Torrens Creek, Queensland, Australia. The Yellow and Grey Kandosols

(highly-weathered soils) are saturated, with shallow depth to free water (0-2 m), whereas the

downslope deep Red Kandosols have much greater depth to free water (4-11+m). In both cases

different colors, mottle patterns, and ironstone contents of the soils are consistent with their

distinctive soil hydrological regimes (from Coventry, 1982) (after McKenzie et al., 2004).

Figure 9. Iterative loop of mapping, monitoring, and modeling as an integrated and evolutionary

approach to address the complexity and dynamics of the Critical Zone across scales and

geographic regions. Shaded relief map at the top shows the locations of the Critical Zone

Observatories (CZ0s) funded in the U.S. (red stars indicate the CZOs funded in 2007, and white

stars indicate the CZOs funded in 2009).
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Deleted: Figure 1. An inclusive vision
for future soil science: 7 + 1 roles of the
soil from the Earth’s Critical Zone (CZ)
to Mars exploration. The numbered roles
of soils are: (1) Soil is an Earth history
recorder as soil is a natural body formed
under the influence of climate, organisms,
parent material, relief, and time (i.e., the
five soil-forming factors) in the Earth’s
system; (2) Soil is a fresh water storage
and transmitting mantle in the Earth’s
CZ; (3) Soil is a gas and energy
regulating geoderma in the land-
atmosphere interface; (4) Soil is the
foundation of diverse ecosystems; (5)
Soil is a living porous substrate essential
for plant growth, animal production, and
food supply; (6) Soil is a popular material
for a variety of engineering and
construction applications; (7) Soil is a
great natural remediation and buffering
medium in the environment; and (8) Soil
is a frontier in extraterrestrial
explorations to explore signs of liquid
water and life. This diagram also depicts
the cyclical, vertical, and horizontal
heterogeneity involved in the CZ. In the
lower portion of the graph, two models
for future soil science are illustrated: an
“outward” growth vs. an “inward”
contraction. The outward growth model
suggests a broadened perspective of the
soil and its synergistic integration with
other disciplines within the framework of
the CZ. The inward contraction model, on
the other hand, implies a classical and
narrow view of the soil and a confined
perspective of the CZ (by equating the

CZ to the soil alone).{ ... [89]
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