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Abstract

Background It is well established that the functioning of
terrestrial ecosystems depends on biophysical and biogeo-
chemical feedbacks occurring at the soil-plant-atmosphere
(SPA) interface. However, dynamic biophysical and bio-
geochemical processes that operate at local scales are
seldom studied in conjunction with structural ecosystem
properties that arise frombroad environmental constraints.
As a result, the effect of SPA interactions on how ecosys-
tems respond to, and exert influence on, the global envi-
ronment remains difficult to predict.
Scope We review recent findings that link structural and
functional SPA interactions and evaluate their potential
for predicting ecosystem responses to chronic environ-
mental pressures. Specifically, we propose a quantitative
framework for the integrated analysis of three major

plant functional groups (evergreen conifers, broadleaf
deciduous, and understory shrubs) and their distinct
mycorrhizal symbionts under rising levels of carbon
dioxide, changing climate, and disturbance regime.
First, we explain how symbiotic and competitive strat-
egies involving plants and soil microorganisms influ-
ence scale-free patterns of carbon, nutrient, and water
use from individual organisms to landscapes. We then
focus on the relationship between those patterns and
structural traits such as specific leaf area, leaf area index,
and soil physical and chemical properties that constrain
root connectivity and canopy gas exchange. Finally, we
use those relationships to predict how changes in eco-
system structure may affect processes that are important
for climate stability.
Conclusions On the basis of emerging ecological theory
and empirical biophysical and biogeochemical knowl-
edge, we propose ten interpretive hypotheses that serve
as a primary set of hierarchical relationships (or scaling
rules), by which local SPA interactions can be spatially
and temporally aggregated to inform broad climate
change mitigation efforts. To this end, we provide a
series of numerical formulations that simplify the net
outcome of complex SPA interactions as a first step
towards anticipating shifts in terrestrial carbon, water,
and nutrient cycles.
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Abbreviations

A photosynthesis
AG aboveground
AM arbuscular mycorrhizae
BG belowground
Ca atmospheric CO2

Cbg total amount of carbon invested belowground
Ci intercellular CO2

Cresp heterotrophic respiration
Croot carbon allocated to root growth
Ctrans carbon transferred from roots to symbionts
D solute dispersion coefficient
δ13C stable carbon isotope ratio
δD stable hydrogen isotope ratio
δ18O stable oxygen isotope ratios
EM ectomycorrhizae
ET evapotranspiration
GPP gross primary productivity
gs stomatal conductance
kw relative permeability of the soil
K hydraulic conductivity
LAI leaf area intex
N nitrogen
NM nonmycorrhizal
η soil porosity
P phosphorus
PM parent materials
PE pedogenic energy
q connectivity of root-fungal networks
Rac resource acquisition
Rsp species-specific level of resource needed to

ensure survival
s soil saturation
SLA specific leaf area
t time
T transpiration
θ rate of resource uptake
WUE water-use efficiency
NUE nutrient-use efficiency
ω water-holding capacity
χ rate of water loss via ET
ψ water potential
℧ return on carbon investment

Introduction

For thousands of years, the connection between soils,
plants, and the atmosphere has captured people’s imag-
ination. We know this, because the origin of civilization
can be traced back to our ancestors’ recognition of
species distribution patterns and their edapho-climatic
domains, which guided the engineered expansion of
useful plants and animals upon which we rely today. It
is, therefore, not surprising that processes occurring at
the soil-plant-atmosphere (SPA) interface became sub-
ject of inquiry long before the establishment of modern
scientific methods. For example, natural philosophers of
the eighteenth century made considerable efforts to
characterize the structure and function of interacting
SPA components through systematic observation, albeit
depicted in poetic fashion, as in Johann von Goethe’s
The metamorphosis of plants (1790) – “Swells upward,

trusting to the gentle dew … The infinite freedom of the

growing leaf…Gently directing even higher perfection,

Narrow the vessels, moderate the sap … In careful

number or in wild profusion …” – or in Erasmus
Darwin’s (Charles’ grandfather) The botanic garden

(1791) – “Clasp in your airy arms the aspiring Plume

… Swell the green cup, and tint the flower with gold;

While in bright veins the silvery Sap ascends … While,

spread in air, the leaves respiring play, Or drink the

golden quintessence of day.” Much has been learned
since then, but the study of SPA interactions is still a
research frontier, one that has the potential to transform
our understanding of nature and ability to build a sus-
tainable future.

For well over a century, SPA interactions have been
studied from the perspective of a wide range of scientific
disciplines, from chemistry to molecular biology, and
from the rhizosphere to ecosystems (Hinsinger and
Marschner 2006). A foundation for the quantitative
analysis of SPA interactions was established in the
1960s (Philip 1966). In its most recognizable form, the
term SPA “continuum” has since been used to describe
movement of water from the soil through plants and into
the air (Novák 2012).More recently, the notion of a soil-
to-atmosphere continuum was revised to include mass
flow in the opposite direction, i.e. from the air through
plants and into the soil (Johnstone and Dawson 2010;
Eller et al. 2013; Earles et al. 2016). We now know that
the exchange of mass and energy at the SPA interface
affects climate and atmospheric composition from local
to global scales (Baldocchi 2014; Brantley et al. 2017;
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Berhe et al. 2018). Progress in SPA understanding has
been marked by the development of mathematical rep-
resentations of mass and energy balances in the first
general circulation models of the 1970s, and turbulent
canopy fluxes in the 1990s which culminated in recent
models that combine biophysical and biogeochemical
forces acting on the Earth system (Bonan et al. 2014;
Bonan 2015). Current models are used to address a wide
range of environmental issues, from climate-change
mitigation and adaptation policies to land - use regula-
tions for sustainable food production. For example, SPA
interactions are the focus of agricultural as well as
ecological studies of global environmental change,
greenhouse gas emissions, and carbon sequestration
across biomes (e.g., Verhoeven et al. 2019; Bauters
et al. 2019; Seitz et al. 2019). This trend is reflected in
publication metrics, which show a tipping point in the
early 2000’s when >60% of the top 100 most highly-
cited papers that mentioned “soils” also emphasized
some aspect of SPA-mediated carbon dynamics
(Lambers et al. 2007). However, there is little agreement
about how ongoing changes in SPA structure and func-
tion will affect the costs and benefits of climate change
mitigation efforts at scales that matter for policy and
management going forward.

Despite growing interest in SPA interactions, the
impacts of global environmental change on terrestrial
ecosystems is poorly constrained with major discrepan-
cies between predicted and measured scenarios for past
and current transformation of terrestrial ecosystems
under climate change (Nolan et al. 2018). In particular,
empirical measurements and models diverge due to
difficulties in representing ecological responses to
changes in climate, rising CO2 levels, disturbance,
and resource limitation in a single framework
(Tharammal et al. 2019). Foremost among issues to be
addressed, is a need for quantitative approaches that link
the structure of plant and soil microbial communities
with biophysical and biogeochemical processes to pre-
dict changes in ecosystem function (e.g. carbon, water,
and nutrient cycling). Gaps in understanding hindering
progress in this field stem from the fact that most eco-
logical knowledge gathered to date comes from plot
level measurements (Fig. 1a) or from unreplicated or
infrequently replicated studies (Fig. 1b). Such a spatially
and temporally constrained view is insufficient to ad-
dress policy and management challenges that arise from
global environmental change. For example, agriculture
and forestry involve management plans that attempt to

push the limits of carbon-water-nutrient tradeoffs by
reducing competition for soil resources assuming steady
climate and growing seasons, at no realized carbon
costs, for decades to come (Amundson et al.
2015; Liles et al. 2019). This is problematic because
managed landscapes typically store less carbon and use
more water and nutrients than unmanaged landscapes
(Franklin and Norman Johnson 2014; Perry and Jones
2017). Moreover, management can amplify the impact
of disturbances driven by climate (Stevens et al.
2016; Brice et al. 2019), with significant consequences
for ecological resilience to warming and drought
stress (Hallema et al. 2018). It is therefore clear that a
new approach is needed to inform policy and manage-
ment for climate change mitigation.

Wepropose an approach that combines ecological theory
with empirical biophysical and biogeochemical knowledge
of SPA-mediated processes. Ecological interactions in gen-
eral, and in particular those involving plants and soil micro-
organisms, influence competitive or facilitative processes
that shape how ecosystems respond to climatic and other
forms of environmental change. Our approach focuses on
locally controlled SPA-mediated tradeoffs in carbon-water-
nutrient exchange, which scale to ecosystems and
vary predictably in response to compounding stressors. This
approach differs from models that rely primarily on correl-
ative analyses of vegetation cover and temperature, which
do not adequately represent SPA feedbacks. For example,
recent progress in dynamic ecosystem modeling provides a
useful foundation for estimating changes in carbon, water,
and nutrient cycling functions at the SPA interface from
changes in vegetation structure (Higgins 2017), but there
remains a problem of integration and prediction across
scales. In the following sections, we provide a summary
of recent discoveries that can be used to improve numerical
and interpretative prediction of SPA-mediated carbon-
water-nutrient tradeoffs from molecules to landscapes
(Fig. 1c). Our goal is to propose an integrative framework
that we hope will accelerate convergence in as-of-yet dis-
parate research frontiers to better inform climate change
mitigation efforts.

The problem of pattern and scale

The problem of pattern and scale has long been recog-
nized as “the key to prediction and understanding” in
ecology (Levin 1992). It remains a challenge for scien-
tists and policy makers owing to difficulties in scaling
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up the effect of ecological interactions, which are pre-
dominantly measured at small spatiotemporal scales –
i.e. at intervals ranging from days to months (Fig. 1a)
and at the plot level (Fig. 1b). A coherent picture emerg-
ing from empirical research at macro- and micro-levels
of ecological organization points to the integration “ob-
servational and experimental datasets spanning multi-

ple geographical scales” (Michaletz et al. 2018) as a
path for predicting “inevitable emergent properties” of
an ecosystem (Louca et al. 2018). This view is consis-
tent with resilience theory, which proposes the study of
interactions between small- and large-scale processes as

a means to predict the resilience of complex social and
ecological systems to a wide gamut of environmental
pressures (Folke et al. 2004; Gunderson and Holling
2002; Gunderson et al. 2017).

In organismal biology, allometric and stoichio-
metric properties – i.e. the relationship between size
and anatomy of organisms and the proportions in
which elements change as they move through them
– provides the basis for scaling rules that predictive-
ly connect form and function. For example, a scale-
free relationship exists between the life span and
average metabolic rates of major groups of plants

Fig. 1 Insets: The spatial and temporal domains of modern ecol-
ogy showing frequencies of temporal (a) and spatial (b) scales of
observations. Red arrows indicate major knowledge gaps and *

indicates most frequent observations at “plot” and “unreplicated”
levels; i.e. studies of ≤1 day of duration (Estes et al. 2018). Main
plot: Log-linear representation of approximate space and time
scales within which SPA structures and processes of interest (c)
operate at the scale of: (1) molecules (glucose, cellulose, lipids)
whose isotope ratios reflect physiological stress (Sperling et al.
2017; Maxwell et al. 2018b); (2) stomata, which regulate leaf
carbon-water relations and ecophysiological performance
(Medlyn et al. 2017; Silva et al. 2015a); (3) root surface, myceli-
um, and bacteria that influence nutrient acquisition and resource
transfer (Jerszurki et al. 2017; Averill et al. 2019; Bomfim et al.

2019); (4) Aboveground (AG) traits that affect physiological per-
formance, competition for light, and gas exchange (Baldocchi
et al. 2018; Silva & Anand, 2013; Silva et al. 2013a); (5) Below-
ground (BG) traits that control competition for water and nutrients
and net resource flows in the soil (Lambers et al. 2008; Silva et al.
2013b, 2015b); (6) community composition and facilitative inter-
actions that shape ecosystem structure, recycling of resources, and
response to disturbance (Hoffmann et al. 2012; Rossatto et al.
2012; Franco et al. 2014; Paiva et al. 2016); (7) landscape history
shaped by geological and climatological processes that form
pedogenic gradients that constrain ecosystem distribution and
function (Wortham et al. 2017; O’Geen et al. 2018; Ward et al.
2019; Hayes et al. 2019)
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and animals, spanning several orders of magnitude
in mass and size (Enquist 2002; Brown et al. 2004;
Elser et al. 2010). Biological scaling has also been
used to predict the functioning of ecosystems from
morphological properties of dominant plant species
(Boyce and Lee 2010) or from changes in species
composition in response to climate fluctuations
(Enquist et al. 2015, 2017). In physiological ecolo-
gy, the relationship between the essential function
primary productivity and foliar nutrient concentra-
tion can be inferred from leaf morphology as a trait-
dependent tradeoff involving growth form and nu-
trient use, termed the leaf economic spectrum, scales
with foliar area, mass, and life span (Wright et al.
2004).

B eyond nu t r i e n t s , t h e d e p e nd en c y o f
primary productivity on water use and transpiration
is well documented for open grasslands (Valentini
et al. 1995) as well as for closed-canopy forests
(Chen and Coughenour 2004). Notably, the same
morphological and functional links that characterize
the leaf economic spectrum, ranging from that of
short-lived leaves with high photosynthetic capacity
per leaf mass to long-lived leaves with low mass-
based carbon assimilation rates, make leaf traits
valid predictors for stomatal regulation of water loss
via transpiration (Kröber et al. 2015). For landscapes
containing vegetation mosaics, where species and
ecosystems of varying structures co-exist, a combi-
nation of species traits (e.g., specific leaf area -
SLA) and ecosystem cover (e.g., leaf area index -
LAI) data allows leaf-to-canopy upscaling of photo-
synthesis and transpiration (Sprintsin et al. 2012). At
regional to global scales, process-based models rely
on those relationships to explain the strong spatial
correlation between gross primary productivity
(GPP) and water balance of terrestrial biomes
(Beer et al. 2010). In other words, the same bio-
physical and biogeochemical forces that drive the
fluxes of mass and energy at the local SPA interface
also operate at the Earth system scale.

In summary, biological structure and function can
be used in the development and calibration of scal-
ing rules that identify the types of tradeoffs that
govern ecological interactions by determining which
of the physical and/or chemical constraints encoun-
tered by organisms are most likely to affect their
growth and behavior (Kempes et al. 2019). As the
external environment changes over time, the

scalability of biological processes determines the
resilience of interacting organisms such that those
same scaling rules can be used to infer emergent
properties of dynamic natural or human-engineered
systems (West 2017). In the particular case of SPA
interactions, the theoretical basis for such an inte-
gration of scaling approaches is robust, and so is the
empirical knowledge gathered for centuries
pertaining to the causal linkages between plants
and soil microbial traits. For example, soil microbial
processes are also mechanistically linked to varia-
tion in plant morphological and functional traits that
influence the rates of organic matter deposition,
decomposition, and nutrient cycling (Buzzard et al.
2019). What follows, is an attempt at advancing a
unified framework that connects those and other
well known SPA interactions at different levels of
ecological organization for which mechanistic rela-
tionships can be derived (Fig. 1c).

Towards a new paradigm: Simplifying complexity

at the SPA interface

The current ecological paradigm that describes
b io t i c SPA in t e r a c t i on s occu r r i ng be low
ground postulates that plant-microbe networks func-
tion as a “biological market” that favors the most
beneficial cooperative partnerships (e.g., Kiers et al.
2011; Fellbaum et al. 2014); however, mutually
beneficial transfer of limiting soil resources is only
found in a subset of symbionts under particular
conditions, whereas amplified competition is a more
common observation (Weremijewicz et al. 2016).
Almost all terrestrial plants form symbiotic associa-
tions with mycorrhizal fungi. It is estimated that 10
to 30% of the photosynthetic carbon produced by
those plants is used to build root-fungal networks in
exchange for up to 90% of their nutrient require-
ments (van der Heijden et al. 2015). Depending on
the degree of nutrient and water limitation, coordi-
nated responses in leaf gas exchange and nutrient
uptake can occur among individuals whose rhizo-
spheres are linked in common mycorrhizal networks
(Gorzelak et al. 2015). Rhizosphere connections in
such networks can function as “hubs” that effective-
ly “even out” resource availability under environ-
mental stress (Simard 2009), such that the balance
between competitive to mutualistic associations at
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the SPA interface is expected to change the “terms

of trade” between energy inputs and the return on
carbon investment (Lambers et al. 2015). Rapid (i.e.
days to weeks) short- and long-distance (i.e. centi-
meters to tens of meters) transfer of resources can
occur in root-mycorrhizal networks via advective
mass flow as well as active transport and diffusion
through cell growth (Simard et al. 2012) as plant
and microbial communities respond in concert to
intermittent disturbances (e.g., fire and biomass
removal; Song et al. 2015) or chronic stress (e.g.,
drought and climate warming; Bingham and Simard
2012). Thus, bidirectional movement of carbon, ni-
trogen, and mineral elements are expected due to
sink-source strength gradients between plants and
microbes which either facilitate mutualism or ampli-
fy competition. Notable examples include preferen-
tial allocation of resources to large fast-transpiring
plants (Song et al. 2015; Weremijewicz et al. 2016),
which can also result in stoichiometric differentials
between plant organs and the soil matrix (Qiao
et al. 2014; Winsome et al. 2017).

The extent to which plants support symbionts at
the expense of their own carbon demands (a
microbe-centric view) or root-fungi connections
function simply as channels through which water
and nutrients flow (a plant-centric view) is difficult
to generalize. Empirical data exist to support both
views, which embody a centuries-old debate be-
tween structuralists and functionalists (e.g., Goethe
vs Darwin). To reconcile those opposing views, we
propose that interactions between species functional
traits and pedogenic gradients can be used to
infer the magnitude and direction of resource ex-
change at the SPA interface in a predictable way
that is neither plant- nor microbe-centric. For the
purposes of prediction, scale-free tradeoffs between
resource-acquisition efficiency and productivity can
be adopted from from existing data. For example, a
recent analysis of 2940 woody plant species show
that mycorrhizal plants differ systematically in ni-
trogen (N) and phosphorus (P) use strategies (Averill
et al. 2019), where ectomycorrhizal (EM) plant spe-
cies are more conservative than arbuscular mycor-
rhizal (AM) species for the use of both elements.
Those authors also found that the observed differ-
ences in mycorrhizal association were apparent in
aboveground (AG) and belowground (BG) parame-
ters even after controlling for evolutionary tradeoffs

that favors dominance of deciduous or evergreen
species across biomes. Evolutionary tradeoffs con-
nect biological form and function across multiple
levels of ecological organization including biophys-
ical and biogeochemical SPA interactions (Messier
et al. 2018) such that trends in plant and microbe
composition and function can be predicted from
pedogenic data. For example, changes in the relative
dominance of symbiotic or asymbiotic organisms
can be aggregated over space and time, based on
the stage of soil formation (Doetterl et al. 2018).
This is possible because mineral soil age – or the
residence time of weathered secondary minerals
since detachment from the original bedrock
(Almond et al . 2007; Roering et al . 2007;
Lindeburg et al. 2013) – dictates different modes
of resource acquisition, or restrictions that favor
certain resource-acquisition strategies (Fig. 2a), as
a direct result of differences in the overall pool of
available nutrients and water (Fig. 2b).

To simplify and scale SPA interactions, it would
serve us well to combine multiple sources of empirical
evidence that show how pedogenic thresholds (i.e.
marked differences in soil physical and chemical prop-
erties) constrain spatiotemporal variation in functional
diversity and resource use. For example, time-integrated
energy input is the single most important predictor of
plant functional diversity across terrestrial biomes (Fine
2015). At the same time, the functional diversity of soil
microbes is governed by pedogenic energy inputs delin-
eated by lithological, climatic, and ecological gradients
across landscapes (Rasmussen and Tabor 2007). At
early stages of soil development, plant cover is incipient
and N-fixing bacteria cyanobacteria and archaea tend to
dominate (Fig. 2a). As soil develops, plant cover and
biodiversity increase and so does biological N fixation
and soil N concentration (Fig. 2b). In older soils,
primary productivity becomes increasingly limited by
mineral elements such as P and plants that rely on AM
networks tend to be replaced by those that rely on EM
networks. In AM- and EM-dominated systems, root-
mycorrhizal associations allow short- and long-
distance (i.e., millimeters to tens of meters) transfer of
carbon and nutrients through advection and
diffusion (Heaton et al. 2012). Aqueous solution cannot
be compressed in such networks; thus, maintenance
of AG structure and productivity depends on BG
connectivity which requires large amounts of water to
be stored between the sites of uptake and transpiration
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(Or and Wraith 2002), such that preferential
mass flow occurs in favor of fast-growing high-transpir-
ing trees (Teste et al. 2010). Nonmycorrhizal (NM)
plants predominantly occur in very old landscapes
which harbor the poorest most-weathered soils, yet
the most biodiverse ecosystems, on Earth (Silva &
Lambers 2018). The strong carboxylate-releasing
function of NM roots allows plants to access other-
wise unavailable nutrients, such as sorbed P and
other mineral elements. Mycorrhizal networks tend
be more localized and weakly developed in NM-
dominated systems, but this resource use strategy
can facilitate resource acquisition by neighboring
AM or EM species through means other than direct
connectivity (e.g. via rhizodeposition; Lambers et al.
2018). In summary, root-microbe interactions that
influence how water and nutrients move through

the SPA interface can be parameterized for certain
functional types and their typical pedogenic environ-
ments that determine the cost for the construction
and maintenance of different AG and BG structures.

Interpretive hypotheses: Linking structure

and function across scales

In an effort to synthesize recent developments that point
to a new way of thinking - one that reconciles compart-
mentalized fields of biophysical, biogeochemical, and
ecological research as a path towards predictive scaling -
we propose 10 interpretive hypotheses that can be un-
derstood as a primary set of hierarchical relationships
across multiple spatial and temporal scales. The pro-
posed hypotheses are exemplified by data from three

Fig. 2 Changes in soil properties
with soil age spanning a few
hundred to ~2 million years of
soil development: (a) Resource
acquisition and species diversity.
Thicker wedges mean greater
relative abundance of resource-
acquisition strategies (Lambers
et al. 2008), with decreasing
trends represented by green
wedges and increasing trends
represented by yellow wedges.
Dashed lines indicate decreasing
trends in the total number of soil
bacteria, which often accom-
panies soil acidification
(Delgado-Baquerizo et al. 2018),
and the total numbers of plant
species, which tends to increase
from young to old soils (Zemunik
et al. 2015, 2016). (b) Soil physi-
cochemical properties and their
typical changes over time as a
function of pedogenesis. Water-
holding capacity adapted from
Weil and Brady (2016). Nitrogen
and phosphorus, pH and base
saturation adapted from Vitousek
and Chadwick (2013)
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major functional groups (evergreen conifers, broadleaf
deciduous, and understory shrubs) and their archetypical
AM, EM and NM strategies shown in Fig. 3.

Figure 3a. Initial conditions To represent conditions
that shape an ecosystem's development at its incep-
tion, we expand on the conceptual model proposed

Fig. 3 Interpretive hypotheses and scaling functions. (a) Stochas-
tic processes and initial conditions (Hazard and Johnson 2018). (b)
Drivers of connectivity and resource flow described as “memory
functions” (Ogle et al. 2015), “return on carbon investment”

(Raven et al. 2018), and leaf nitrogen (N) and phosphorus (P)
concentrations, which correlate with specific leaf area (SLA) and
water-use efficiency (WUE) in AM, EM, and NM plants (Powell
et al. 2017). (c) Ecosystem properties emerging from differences

in BG connectivity strength in root-microbe networks (Simard
et al. 2015) and their resulting biophysical and biogeochemical
baselines expected for carbon (black) and water (blue) balances in
a tree-dominated ecosystem (Baldocchi et al. 2018). (d)
Landscape-level ecosystem transitions expected in response to
elevated atmospheric CO2 concentrations and warming-induced
drought stress across a hypothetical topographic gradient of vary-
ing pedogenic conditions (Fig. 2)
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by Hazard and Johnson (2018) to relate plant and
microbial community composition with environmen-
tal filters at the onset of ontogeny. Specifically, three
hypotheses are devised to represent common initial
conditions:

Hi colonization The initial conditions that shape an
e co s y s t em ’s SPA s t r u c t u r e and f un c t i o n
include stochastic processes of colonization, such as
the ratio of pathogen-to-symbiont dispersal during pri-
mary succession or following major disturbances, as
well as deterministic processes and environmental fil-
ters, such as soil physical and chemical properties,
which favor the establishment and persistence of certain
types of plant-microbe associations over others.

Hii establishment At the establishment phase, positive
AG interactions outweigh negative interactions because
facilitation through seeding and microclimate ameliora-
tion is more important than competition for light or
space (i.e. AG competition / facilitation <1), whereas
BG competition for resources between plants and mi-
crobes is stronger than symbiotic relationships (i.e.
BG competition / facilitation >1) at that same phase.

Hiii persistence Positive plant-microbe interactions in
complementary or interconnected rhizospheres arise as
a function of time since the establishment of
interdependent plant and microbial communities. There
is increasing competition for space and light as the
ecosystem develops (i.e. AG competition/facilitation
>1) until disturbance events reset the system back to
the establishment phase (e.g., after a low-severity cano-
py opening) or to the colonization stage (e.g., after a
severe stand-replacing fire event). The type of distur-
bance and time since establishment also determine
whether or not BG connectivity persists in root-
microbe networks (i.e. BG competition / facilitation
<1) or is reset to a condition of greater competition,
which is characteristic of the colonization phase.

Figure 3b. Drivers of connectivity and resource flow at

transient to steady-state conditions Given that tran-
sience is a fundamental ecosystem property (Hastings
et al. 2018), and considering that plants and soils hold
distinct “environmental memory lengths” (Ogle et al.
2015), transitions from dynamic to steady-state condi-
tions arise from SPA interactions as follows:

Hiv memory At least two types of memory functions
coexist: a long-termmemory lag function (brown curve)
for soil properties whereby past conditions are more
important than current conditions (e.g., past energy in-
puts at time t-x predict current soil nutrient pools and
water-holding capacity better than current conditions at
time t0; Fig. 2); and a short-term memory lag function
(green curve) for an exponential decay exemplified by
a plant physiological performance response curve (e.g.,
climate 3 years ago at t0–3 has a smaller effect on current
tree growth and water use than last year’s growing
season t0–1, which has a smaller effect than the current
season t0). Examples of mathematical formulations re-
lated to this hypothesis include environmental condi-
tions beyond which L = tx units into the past do not
affect current SPA interactions. Other memory functions
that have yet to be considered in analyses of environ-
mental memory include biochemical signals transmitted
between plant species through microbial symbionts,
which can form a type of “immunological memory”
(Gilbert and Johnson 2017) that shapes how ecosystems
respond to herbivore or pathogen pressure through mul-
tiple generations (Ferlian et al. 2018). Once parameter-
ized these and other memory functions could be added
to connectivity and resource flow hypotheses to better
predict transitions from transient to steady-state
conditions.

Hv return on investment Pedogenic gradients favor dif-
ferent nutrient acquisition strategies such that threshold
for coexistence of two or more strategies can be inferred
from their net return on carbon investment (Lambers
et al. 2018). Additionally, the demand for limiting
resources varies depending on functional group and
their typical resource-acquisition strategies (e.g., AM
trees, EM trees, and NM shrubs) as indicated
by varying fitness levels at different stages of soil
development and range of resources available. As vari-
ation in soil resources can occur vertically in developing
profiles or horizontally in developing landscapes, mul-
tiple uptake strategies are possible at any given site, until
an abrupt threshold from one uptake mode to another
occurs (Fig. 2). In other words, the acquisition modes
that are least expensive when the soil nutrient concen-
tration is high, become increasingly more expensive
as soil nutrient concentration declines, giving rise to
cost-curves that cross over at different stages of
soil development, depending on tradeoffs that can be
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parameterized using the carbon cost curve for N, as
proposed by Terrer et al. (2016, 2018) (red box; Fig.
3b) and the carbon cost curve for P, as proposed by
Raven et al. (2018) (blue box; Fig. 3b). As a
result, markedly different returns on carbon invested
are expected for AM, EM, and NM behaviors depend-
ing on how economically roots explore the soil volume
for soluble nutrients or invest in exudates to access
sorbed nutrient pools.

Hvi trait-dependent tradeoffs Dimensionally-indepen-
dent tradeoffs can be used to predict mass and energy
flows from resource demand and growth forms typical
of AM, EM, and carboxylate-releasing NM species. For
example, the evolutionarily-determined leaf economic
spectrum and the GPP-ET (i.e. evapotranspiration) co-
dependence, explained above, represent scale-free
tradeoffs that can be parameterized to predict nutrient-
and water-use efficiency (WUE) from a functional
group’s leaf morphology or from an ecosystem's canopy
structure. The same traits that determine the coupling of
leaf and canopy carbon-water functions and carbon-
nutrient stoichiometry also determine litter production
and decomposability (Pietsch et al. 2014). For example,
differences in SLA among AM, EM, and NM species
are correlated with average nutrient content in mature as
well as senesced leaves, and are proportional to differ-
ences in productivity and lifespan under different ranges
of resource availability (Powell et al. 2017). Variation in
transpiration and mass flow at the individual leaf level is
also correlated with SLA because stomatal pore
area (calculated using stomatal density and size) de-
creases with increasing SLA within and among plant
species (Bucher et al. 2016). At the ecosystem level,
LAI serves as a proxy for GPP and ET and can be used
to estimate the magnitude and velocity in which water
and soluble nutrients move from the soil matrix to the
rhizosphere. As discussed above, water and nutrients in
solution can be redistributed through root-microbe net-
works as a result of water potential gradients among
different species. Similarly, stoichiometric gradients al-
so influence the redistribution of insoluble nutrients
through root-microbe growth and mining, leading to
asymmetric patterns of resource flow and accumulation
from which contrasting ecosystem properties emerge.

Figure 3c. Emerging ecosystem properties and

functions Here, we illustrate hypothetical outcomes of
spatially explicit simulations that combine metrics of

ecophysiological performance and resource flows to
describe how local SPA interactions reverberate
across landscapes.

Hvii interaction strength The strength of plant-microbe
interactions that control carbon, water, and nutrient
flows varies in response to resource availability, creating
divergent structural patterns across landscapes. For ex-
ample, extra-radical mycelial growth such as AM fungi
and short-lived EM fungi, connect plant roots within
close proximity or for a short duration, but those are
often nested within more extensive multi-genomic net-
works through which rhizomorphs of specialized hyphal
strands span several tens of meters in length, enabling
the transport of water and nutrients (Simard et al. 2012).
Facilitative mutualistic plant-microbe interactions are
expected to equalize resource distribution – a stabilizing
force – under increasing resource limitation; conversely,
competition is expected to increase in more productive
nutrient-rich environments, leading to asymmetric re-
source flows. Asymmetric transport and retention are
expected to mirror the spatial distribution of species
with varying transpiration rates and biomass stoichiom-
etry (Creed et al. 2014; Saha and Setegn 2015). As soil
organisms encounter or colonize roots, their associated
carbon demands are partitioned such that when symbi-
otic or asymbiotic nutrient inputs from microbial com-
munities (e.g., from free-living diazotrophs) are
superimposed over heterogeneous soil resources, a mo-
saic of ecosystem forms and functions can co-exist.
When resource limitation is too severe, as in very old
landscapes, the overall diversity of species and resource
acquisition strategies tend to increase and NM function-
al types tend to become prominent (Lambers et al.
2018). Thus, spatialized simulations of resource-
transfer rates typical of different ecosystem states, soil
development gradients, and level of stochastic or chron-
ic environmental stress can be developed using existing
models (e.g., cellular automata propagations) for which
transient to steady states arise from species-specific
parameters (e.g., WUE and nutrient use) constrained
by a finite pool of soil resources (Saha et al.
2010; Miralles-Wilhelm 2016; Zhai et al. 2016).

Hviii carbon-water baselines The manifestation of local
strength interactions at the ecosystem scale can be pre-
dicted from a select set of environmental and biological
factors (e.g., atmospheric composition, precipitation,
temperature, resource availability, AG structure and
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BG network interaction strength), which directly and
indirectly affect baseline carbon, water, and nutrient
cycling. For example, in the absence of major distur-
bances, SPA interactions tend to move ecosystems in-
creasingly closer to a state where long-term accumula-
tion of carbon occurs (black curve; Fig. 3c) and in which
water moves primarily through transpiration (blue
curve; Fig. 3c) (Evaristo et al. 2015; Medlyn et al.
2015). Under chronic environmental stressors (e.g., per-
sistent warming-induced drought or rising atmospheric
CO2 concentration), the relative abundances of domi-
nant functional types and their role in maintaining root-
microbe connectivity can change, causing marked shifts
in ecosystem functions. The magnitude and direction of
such shifts depend on soil properties. For example, in a
synthesis of 544 site-years of eddy-covariance ecosys-
tem-level carbon and water flux data (Baldocchi et al.
2018) shows how warming-induced drought caused a
decline in GPP and ET, especially in areas where soil
nutrients are limiting, despite an expected increase in
photosynthetic rates caused by rising atmospheric CO2

concentrations. The same data synthesis shows that too
much rain can reduce carbon uptake by limiting sunlight
in humid regions, and that microbial respiration, which
increases exponentially with temperature, can bring an-
cient forest ecosystems to “the verge of switching from

being carbon sinks to carbon sources” (Baldocchi et al.
2018). Thus, coupled carbon-water-nutrient excursions
(relative to historic baselines) can be used to anticipate
the net outcome of SPA-mediated responses to environ-
mental pressure.

Figure 3d. Response to chronic environmental

pressure The two most pervasive, and thus most-
commonly studied climatic stressors affecting terrestrial
ecosystems, are warming-induced stress and elevated
CO2 levels. These chronic pressures have very different
effects on the physiological performance of individual
plants as well as on the function of entire ecosystems
depending on soil resources (Reich et al. 2014), and on
how the terms of trade with dominant types of root-
microbe symbioses (Terrer et al. 2018). Generally, soil
resource limitation favors the dominance of conserva-
tive resource-efficient growth strategies at the expense
of productivity such that plant communities on infertile
soils are less sensitive to climate warming or elevated
CO2 (Franco et al. 2014; Harrison et al. 2015). Experi-
mental research with a wide range of species has

consistently shown that CO2 stimulation increases plant
water- and nutrient-use efficiency, often leading to re-
duced mass flow and alteration in the stoichiometric
coupling of all major nutrients (Myers et al. 2014; Tian
et al. 2018). It follows that changes in mass flow and
stoichiometry should impact the biotic interaction
strength and return on carbon investment in plant-
microbe networks in a predictable manner. For exam-
ple, assuming that climatic and edaphic conditions do
not prohibit the establishment of AM, EM, and NM
species across a typical montane landscape in which
water-holding capacity and N availability are expected
to decrease from more productive foot-slope environ-
ments toward less productive hill-slope soils (where P
and other mineral nutrients availability is relatively
high), we can predict the most likely outcome of
environmental change on SPA interactions. Specifical-
ly, taking ecosystem LAI and as an integrated proxy
for ecosystem productivity, from which GPP and ET
can be inferred, the following scenarios are to be
expected in response to persistent warming and elevat-
ed CO2:

Hix response to elevated CO2 concentrations Elevated
atmospheric CO2 concentrations increase canopy cover
and the amount of CO2 fixed per unit of water tran-
spired, but it can also result in decreased nutrient flow
from the soil matrix to individual plants. Landscape
patterns in this scenario include changes in return on
investment curves (Raven et al. 2018), which cross over
along the axis of nutrient concentration at intermediate
soil age. In this example, foot-slope soils are assumed
to be consistently exposed to greater pedogenic energy
(PE), and thus bedrock weathering (ω), than hill-slope
soils due to historical differences in water
inputs, temperature and GPP. Thus, differences in solu-
ble and insoluble nitrogen or phosphorus concentrations
favor different acquisition strategies over scales of sea-
sons to centuries. For the sake of simplicity, we only
represent the most likely functional type to dominate a
plot (10 × 10 m) and the collection of such plots that
switches from one state to another as a result of interac-
tions between soil resource acquisition strategies. In this
example, varying nutrient concentrations should be
thought of as occupying a frequency distribution, rather
than a single value along vertical profiles, such that
coexistence should be possible, until an abrupt threshold
of uptake mode is reached.
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Hx response to warming-induced stress The benefits of
CO2-induced increases in WUE can be outweighed by the
negative effect of warming-induced drought stress
(Gómez-Guerrero et al. 2013). The outcome of this effect
is the persistence and increasing dominance ofNMspecies,
especially in poorly-developed soils, under low canopy
cover, high WUE and low carbon sequestration (Harrison
et al. 2015; Davis and Gedalof 2018). However, under
moderate baseline stress (e.g. in deeper soils with greater
WHC) warming leads to other types of response. For
example, in mixed temperate forests, the intrinsic WUE
of nine dominant tree species across topographic gradients,
normalized for differences in vapor pressure deficit (VPD)
across sites, varies predictably with SLA>LAI > PM (i.e.
parent material) (Maxwell et al. 2018a). Those same au-
thors found that shifts in species composition from EM
conifers to AM deciduous trees, presumably driven by
climate warming since the 1950s, newnbsp;caused a major
increase in water loss through transpiration per unit of CO2

assimilated (i.e. a decline inWUE ranging from 10 to 60%,
depending on PM). This process can in the long run
decrease water availability and increase the likelihood of
an ecosystem regime shift toward a less productive
drought-adapted species dominance in certain portions of
the landscape depending on soil properties.

Numerical integration

The hypotheses listed above can be tested by the inte-
grated analysis of dynamic locally-controlled processes
(e.g., leaf gas exchange and root-microbe associations)
and slow-moving processes (e.g., pedogenesis). To this
end, we propose a simple mathematical formulation that
links species demands and a finite pool of resources. In
this formulation, water inputs from precipitation can ac-
cumulate in the soil where aqueous fluids are assumed to
be incompressible; thus, any increase in connectivity
between plants and microorganisms or between different
plants through root-microbe networks requires a propor-
tional increase in the amount of water and solutes stored
in the biological compartment between the sites of uptake
and growth. This means that the velocity of flows in
individual plants serves as a local signal of large-scale
processes affecting the broader network (Heaton et al.
2010), as determined by AG and BG interactions that
effectively reflect the overall “plumbing of the [SPA]

critical zone” (Brantley et al. 2017). Resource-sink gra-
dients are modeled in agreement with expected transpi-
rational mass flow using empirical examples that show

preferential movement of resources from slow- to fast-
growing plants which can be reversed depending on the
connectivity strength of new organisms added to the
network (Simard et al. 2015).

The influence of SPA interactions on plant WUE can
be used to assess biologically-controlled variation in
mass flow across scales. The term WUE has been tradi-
tionally defined as the ratio of net amount of carbon
assimilated via photosynthesis (A) to the mass of water
lost from the leaves to the atmosphere via transpiration
(T). Several methods can be used to measure WUE in-
cluding leaf gas exchange, stable isotope fractionation,
and eddy covariance. However, measurements of WUE
are not always consistent among those different ap-
proaches. For example, significant discrepancies include
differences between discrete leaf gas exchange measure-
ments for different co-existing plant functional groups
which are not apparent in ecosystem-scale eddy covari-
ance data (Medlyn et al. 2017). Despite this limitation,
significant shifts in biophysical processes that govern
WUE can be inferred from molecules to whole plants
and ecosystems using time-integrated measurements of
stable carbon isotopes. The inference of WUE from plant
cellulose isotope ratios (δ13C) was first proposed by
Farquhar et al. (1982), who showed that δ13C ratios
reliably record variation in A/T because both WUE and
δ13C are controlled by intercellular levels of CO2 (Ci),
which vary predictably with leaf-to-air vapor pressure
deficit (VPD). If VPD can be assumed constant among
co-existing plants at a given site, then δ13C values will be
linearly correlated with canopy A/T of each plant
(Marshall et al. 2007). However, VPD often varies across
plant functional types whose leaves differ in morphology.
As a result, physiological ecologists often calculate what
is known as the intrinsic water-use efficiency (iWUE) of
a plant from δ13C data. The iWUE, or the ratio of A to
stomatal conductance (gs) is correlated with transpiration
for most dominant trees and understory species, but is not
dependent on assumed VPD (Farquhar and Richards
1984). The iWUE of a plant can be calculated from the
isotopic fractionation between known atmospheric CO2

and measurable plant bulk biomass or specific com-
pound, such as cellulose as follows:

Δ13C ¼ δ13Cair−δ
13Cplant

� �

= 1þ δ13Cair=1000
� �

ð1Þ

whereΔ13C is fractionation of 13C, δ13Cair is the carbon
isotope ratio of CO2 and δ13Cplant is the carbon isotope
ratio of cellulose.
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Ci ¼ Ca* Δ13C–a
� �

= b–að Þ ð2Þ

iWUE ¼ A=gs ¼ Ca* 1− Ci=Cað Þ½ �*0:625 ð3Þ

where a is the fractionation against 13CO2 during diffu-
sion through the stomata in the gaseous phase and b is
the net fractionation due to carboxylation and 0.625 is
the ratio of diffusivity.

In cases where photosynthesized molecules, plant
functional traits, and environmental data can be ana-
lyzed in conjunction, δ13C data can be used as a scaling
tool for WUE. For example, species-specific iWUE
deriving from leaf δ13C ratios can be normalized by leaf
morphology (e.g., specific leaf area – SLA) and/or di-
vided by downscaled VPD to the level of a stand for
which pedogenic development is known. Both VPD and
pedogenic development affect soil water-holding capac-
ity (WHC) across landscapes. For this reason, recent
studies have considered a normalized index for actual
WUE, termed “standardized water use”, where actual
WUE = A/T = iWUE/VPD downscaled and stratified
across landscapes by local to stand-level WHC and
averaged community-weighed SLA (Maxwell et al.
2018a). This type of standardization can be understood
as a “conservative approach that minimizes interspecif-
ic differences relative to intensified gradients that occur

due to variation in soil properties and leaf morpholo-

gy”. Finally, in cases where net primary productivity
can be quantified for the same time period for which
WUE is calculated - e.g., annual tree-ring basal area
increments coupled with Δ13C time series (Giguère-
Croteau et al. 2019; Liles et al. 2019), SPA interactions
can be simplified and scaled to estimate transpirational
mass flow.

At the ecosystem level, the contribution of all plant
species to soil organic matter δ13C serves as an integrat-
ed proxy for LAI, and thus as a metric of canopy density
used for predicting primary productivity and ET across
biomes (Ladd et al. 2014). Therefore, the chemical
composition of soil organic matter provides a time-inte-
grated, productivity-weighted measure of stand-level
processes, reflecting the isotopic signatures of plant
biomass deposited seasonally as well as the amounts
and isotopic signatures of plant-derived carbon that
accumulates in the soil at decadal to centennial time
scales. To complement δ13C data independent measure-
ments oxygen stable isotope ratios (δ18O) can be per-
formed using plant water or tree ring cellulose (Oliveira

et al. 2005; Johnstone et al. 2013; Earles et al. 2016) or
cellulose-derived sugars extracted from soil samples
(Zech and Glaser 2009; Zech et al. 2012; Tuthorn
et al. 2014; Zech et al. 2014). This approach allows for
scaling oxygen isotope measurements from molecules
to ecosystems in contemporary settings, as the retention
time of sugars in soils is on the order of 10–20 years
(Schmidt et al. 2011). For long-term reconstructions,
tree ring records are useful to differentiate the effects
of rising CO2 stimulation of A from drought-stress-
induced g s downregulat ion (Diet r ich et a l .
2016; Giguère-Croteau et al. 2019). In some cases, tree
ring isotope data can be combined with remote sensing
to scale responses from individual trees to landscapes
and to quantify climate-induced shifts in forest produc-
tivity and WUE (Correa-Díaz et al. 2019). For longer
time integration of whole ecosystem water balance,
long-chain aliphatic fatty alkanes, alkanols and alkanoic
acids deposited from plant cuticular waxes can be used.
These compounds persist in soils and sediments with
isotopic signals that are stable over geologic timescales
(Lützow et al. 2006; Sachse et al. 2012). Typically, the
study of plant-derived lipids for water balance recon-
structions targets hydrogen isotope ratios (δD) of spe-
cific molecules, but recent studies have proposed the
joint characterization of δD and δ18O values of lipid
compounds as a means to infer changes in water balance
(total input minus ET loss), when source water values
can be estimated (Maxwell et al. 2014; Silva et al.
2015c; Maxwell et al. 2018b).

The biogeochemical consequences or biophysical
SPA interactions can be approximated from autocatalyt-
ic connectivity functions that link molecules to land-
scapes as a “nested hierarchical” system (Farnsworth
et al. 2017). For example, “terms of biological trade”
(i.e. fundamental biological tradeoffs) that govern car-
bon assimilation and WUE can be estimated from first
physical principles. This is possible because physical
laws are manifested in water potential and nutrient stoi-
chiometry gradients that define “return on carbon in-

vestment” (℧), as a marginal increase in resource acqui-
sition (Rac), relative to the total amount of carbon
invested belowground (Cbg). In other words, the mag-
nitude and direction of carbon, nutrient, and water ex-
change can be quantified from individual organisms as
vectors that create time-integrated spatial patterns across
landscapes. For example, the hypotheses above focus on
average relationships involving three major functional
groups (i.e., EM evergreen conifers, AM broadleaf
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deciduous, and NM understory shrubs) assuming that
BG connectivity shapes the magnitude and direction of
carbon and water exchange from trees as vectors that
create landscapes patterns as follows:

Rac

Cbg

¼ ℧
−1 ð4Þ

Cbg ¼ Croot þ Ctrans ð5Þ

B ¼ GPP−Cbg−Cresp ð6Þ

where ℧−1 is the inverse of return on investment based
on a sink strength function of Rac, which can be directly
measured in terms of carbon-to-nutrient ratios to de-
scribe the degree to which growth is limited by a given
resource; Croot is the amount of carbon invested in root
production; Ctrans is the amount of carbon transferred to
soil fungi; this term is absent for NM carboxylate-
releasing species (Raven et al. 2018), and for AM and
EM species it is inversely proportional to the measured
pool of carbon available for biomass productivity (B) as
a fraction of gross primary productivity (GPP) minus
Cbg and autotrophic plus heterotrophic respiration
(Cresp).

The simplest formulation (linear) of resource-sink
strength described above becomes increasingly complex
(non-linear) as soils age and its effect on the probability
of certain Rac strategies to outcompete others are taken
into consideration. As species composition change
across pedogenic gradients, ecosystem-scale ℧ is the
inverse of the sum of Rac of coexisting species which
can be aggregated as AM, EM, or NM functional types
and their BG connectivity (or lack thereof), as follows:

℧
−1 ¼ Σ Rsp þ 1−Rsp

� �

:e
−ω
rsp ð7Þ

ω ¼ PM :PE ð8Þ

where Rsp is the minimal level of resource needed to
ensure survival of a given species or functional type; ω
is the soil-specific coefficient that integrates physical
development metrics related to bedrock weathering,
which include water-holding capacity and the expected
range of acquirable (soluble or insoluble) nutrient pools
– approximated on the basis of known weatherability

indices for different parent materials (PM) and pedogen-
ic energy (PE) calculated from precipitation and tem-
perature and GPP as proposed by Rasmussen and Tabor
(2007); and rsp is the rate at which the overall resource
pool is depleted as a dynamic fraction of species- or
functional-group-specific B.

Different functional groups have different ℧−1 for
water and nutrients, which cause asymetric depletion
of soil resources at the plot level, indirectly lowering
the landscape-level pool of resources through resource
transport or accumulation. Changes in ecosystem struc-
ture and function can thus be simulated from soil and
species- or functional-group-specific parameters corre-
sponding to different demands for resources to maintain
GPP, transpiration, and biomass turnover:

η
∂s

∂t
þ

∂Bi

∂xi
¼ −χ ð9Þ

η
∂ sCð Þ

∂t
¼ −

∂ BiCð Þ

∂xi
þ

∂

∂xi
ηsDij

∂C

∂x j

� �

−θ ð10Þ

Bi ¼ − kw sð ÞK ij xið Þqij xið Þ
∂ψ

∂x j
þ 1

� �� �

ð11Þ

where η is the soil-age-specific porosity coefficient;
s= s(xi,t) is the soil saturation through time (t) across
the spatial coordinate system xi(i = 1,2,3); Bi= Bi(xi, t) is
the biologically-controlled flow rate vector determined
by ℧−1

∗WUE – or the ratio between CO2 assimilated
per unit of water lost through transpiration; χ=χ(s, xi, t)
is the rate of water loss including evaporation and tran-
spiration, a function of η, climate, atmospheric VPD,
soil depth, and B; C=C(xi, t) is the soil-age-specific
concentration of nutrients; Dij is the solute dispersion
coefficient; θ=θ(s, C, M, xi, t) is the rate of resource
uptake; kw(s) is the relative permeability of the
soil (0 < kW < 1), Kij is the hydraulic conductivity;
qij is the BG connectivity of different individuals
in mycorrhizal networks; and ψ = ψ (s, xi, t) is
the water potential gradient between root-fungal sur-
faces and the soil matrix – a function of species SLA
and q described by Ctrans coefficients for different Rac

strategies.
Equations (7–11) represent the coupling of hydrolog-

ic transport and vegetation cover. This implementation
can be understood as general model for spatiotemporal
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scaling capable of identifying ecosystem properties
emerging from molecular and organismal processes.
This is attained at the scale of seasons through decades
(scales 3–6; Fig. 1), as well as from decades to centuries
(scales 6–9; Fig. 1), through Michaelis-Menten kinetics
for resource sink ϕ (Kapoor et al. 1997):

ϕ ¼
r M C

bþ C
ð12Þ

∂M

∂t
¼

f C M

bþ C
−λ M ð13Þ

∂d

∂t
¼ λ M−ε d ð14Þ

where, M =M(xi,t) [ML−2] and d = d(xi,t) [ML−2] are
the insoluble nutrient pools in tissues and decaying
biomass, respectively; b is the species- of functional-
group-specific parameterized half-saturation nutrient
concentration [ML−3] for biomass growth; f [T−1] is
the deposited biomass rate (fraction of B deposited per
mass of nutrient uptake over time), λ [T−1] is the esti-
mated rate of biomass input to the Cbg and ε [T

−1] is the
decomposition rate of deposited organics.

Equations 12–14 describe the variation in productiv-
ity and decomposition with associated stoichiometric
sinks that influence resource flows, assuming that car-
bon to nutrient ratios correlate with biomass accumula-
tion and decay, in a reversible patterning for finite car-
bon and water (Lago et al. 2010).

Significance for climate change mitigation

Accelerating the removal of carbon from the atmosphere
to mitigate climate change under increasingly limiting
land and water resources is the defining challenge of our
time. Landowners and policymakers are seeking new
ways to boost ecosystem productivity and carbon se-
questration while optimizing the use of soil water and
nutrients. Physical laws govern a fundamental tradeoff
between carbon sequestration and water conservation,
in which the photosynthetic removal of CO2 from the
atmosphere depends on the amount of water moving
from the soil to the air through transpiration (Baldocchi
and Peñuelas 2019). The structural limits of this func-
tional tradeoff are well known for several plant species,
but ecological interactions at the SPA interface make it

difficult to predict those limits at scales relevant for
policy or management. Much progress has been made
to quantify and scale SPA-mediated climate forcings
through eddy-covariance sensors (Baldocchi et al.
2014, 2018) and remote-sensing (Asner et al., 2016a,
b). Large datasets can now be used to generate process-
based predictions of changes in ecosystem structure
and composition including many species that
represent functional groups other than those used for
the hypotheses described in Fig. 3. Changes in species
composition do not always correspond with changes in
functional traits (Enquist et al. 2015), but their effect
on soil properties and microbial processes must be con-
sidered to anticipate the costs and benefits of long-term
carbon storage at local, regional, and global scales.

To translate basic science into useful policy and
management goals we must first characterize how fast-
changing SPA properties (e.g., species composition
and physiological performance of dominant species)
interact with slow-changing landscape features (e.-
g., topography and soil development) to control
carbon-water-nutrient relations. The importance of
those interactions can be measured in terms of plant-
derived carbon accumulation as a central component of
soil development through litter deposition, root growth,
and rhizodeposition of organic compounds. For exam-
ple, rhizodeposition of carbon adsorbed onto poorly
crystalline minerals is thought to be “the most important
mechanism for preservation of soil carbon” (Mikutta
et al. 2006). Moreover, the engineered use of root-
microbial processes to enhance silicate weathering has
been suggested as a promising, albeit costly, technique
for accelerated CO2 draw down (Schlesinger and
Amundson 2018). Accordingly, shifts in vegetation

composition, distribution, or productivity must be con-
sidered alongside root-microbe associations, which
influence the rates at which bedrock weathering pro-
gresses, and vertical soil development occurs. Physical
and chemical transformations of bedrock, in turn, regu-
late drought resistance (O’Geen et al. 2018) and the
potential for CO2-induced stimulation of plant and mi-
crobial growth (Harrison et al. 2016; Silva & Anand
2013). Increases in primary productivity can abate CO2

emissions, functioning as a negative forcing on temper-
ature, but significant complexities surround the
interactive effects of changes in climate and CO2 levels
on plant growth and soil development (Fig. 4).

The magnitude of the net ecosystem carbon sink
also depends on the large respiratory costs of plant and
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soil microbial communities. Plant and soil respiration
increase with temperature, given sufficient soil mois-
ture, but decline if soils are too dry and tend to scale with
carbon inputs into the rhizosphere (Baldocchi 2008). In
our conceptual scheme (Fig. 4), feedbacks involving
plant and microbial respiration are implicitly represent-
ed by dashed arrows that illustrate uncertain responses
triggered by rising temperatures and/or water regime
shifts (e.g., manifested as variation in input from pre-
cipitation versus total loss from ET) whose joint impact
on plant and microbial metabolic rates and respiration
remains difficult to predict. In general, water stress
reduces ecosystem photosynthesis more than respira-
tion, however, the impact of water stress on GPP differs
based on climate and ecological factors (e.g., light,
rainfall, temperature, soil properties, species composi-
tion, and phenology) with limiting rainfall causing phys-
iological declines in photosynthesis in temperate regions
and too much rain limiting photosynthesis by limiting
light in the humid tropics (Baldocchi et al. 2018).

We have known for some time that atmospheric
circulation patterns, which influence climate variability,
are strongly influenced by carbon-water-nutrient rela-
tions controlled at the SPA interface. For example, 1163

site-years of eddy-covariance data from 155 sites across
the globe show scale-free positive relationship between
GPP and ET, both of which increase with tree cover
(Baldocchi and Peñuelas 2019). From a biophysical
perspective, there are very small differences between
the carbon-water tradeoff as manifested in managed or
unmanaged ecosystems. For example, a bottom-up bio-
physical model that couples surface energy balance and
stomatal conductance shows that forests and tree crops
use more water than other systems (including savannas,
grasslands, and agricultural fields) that coexist in work-
ing landscapes (Baldocchi et al. 2019). This finding is
explained by long growing seasons and rapid transpira-
tion rates of tree canopies. For example, the amount of
carbon that can be drawn down through photosynthesis
each year increases with absorbed sunlight as a direct
function of LAI. In wet climates or subalpine montane
environments forests achieve closed canopies (LAI
~5 m2 m−2) similar to those of and irrigated orchards
which are several-fold higher than the typical LAI of dry
landscapes occupied by sparse vegetation (LAI 1 to 2
m2 m−2). Thus, efforts to enhance forest productivity to
maximize carbon sequestration can negatively impact
water yields (Perry and Jones 2017).

Biogeochemical processes complicate the possi-
bility of scaling carbon-water relations from leaves
to landscapes. For example, metasedimentary bed-
rock weathering in montane regions has been shown
to contribute significant amounts of N to plants
(Morford et al. 2016), which implies that photosyn-
thetic efficiency (which is N limited) can covary
with lithology. As another example, the discovery
of plant isoprene gas emissions from many dominant
tree species as a mechanism to attenuate drought
stress via aerosol-induced rain formation (Taylor
et al. 2018), suggests a more complex relationship
between climate and GPP than previously realized.
Additionally, biogeographical shifts in response to
climatic or atmospheric change can lead to signifi-
cant alterations of carbon-water-nutrient relations.
For example, warming or CO2-induced stimulation
of tree growth can promote forest expansion toward
high altitudes resulting in increased soil water use
and progressive nutrient limitation (e.g., Silva et al.
2016). On the other hand, elevated CO2 also in-
creases WUE of trees and forests an effect that
varies strongly with nutrient availability, a function
of pedogenic development , wi th as-of -yet
unquantified consequences for ET and precipitation
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& produc vity

Bedrock

weathering

Root exudates

& symbio c
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e
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i

j

Fig. 4 Conceptual model connecting SPA interactions from eco-
systems to the Earth system. Solid arrows represent direct effects
(e.g., rising CO2 levels lead to higher temperatures). Grey squares
indicate inverse effects (e.g., increasing temperatures lead to de-
creasing soil carbon stocks). A positive destabilizing feedback
loop links atmospheric CO2 concentration, temperature, and soil
carbon concentration (a-b-c). A negative stabilizing feedback loop
links atmospheric CO2, vegetation productivity, and root-microbe
associations (d-e-f), which affect and are affected by soil carbon
concentration (j). Dashed arrows represent uncertain feedbacks
involving changes in water regime and/or temperature and their
interactive effect on plant and soil microbial processes (g-h-i).
Adapted from Amundson et al. (2015) and Taylor et al. (2012).
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variability. By one estimate, ~80% of the net land
water loss to the atmosphere happens through plant
transpiration (Jasechko et al. 2013). Although this
estimate varies with location and statistical treatment
(Coenders-Gerrits et al. 2014), even the most con-
servative estimate indicates that transpiration exerts
dominant control over the terrestrial carbon and
water balances (Schlesinger and Jasechko 2014).
Therefore, we must better represent SPA interactions
that vary with vegetation cover and pedogenic
thresholds in managed and unmanaged landscapes
as those interactions shape the limits of biogeo-
graphical, biophysical, and biogeochemical process-
es affecting climatic stability.

On the temperature-forcing front, the effect of
warming and atmospheric CO2 on primary productivity
and terrestrial carbon accumulation depends on water as
well as organic and mineral nutrient pools (Terrer et al.
2019). In regions where warming is associated with
increasing soil water and nutrient availability, produc-
tivity is expected to increase (Salzer et al. 2009, Körner
2012, Shi et al. 2015; Silva et al. 2016). However,
productivity has declined in regions where nutrient lim-
itation or ET outpace the photosynthetic benefits of
elevated CO2 levels (Mankin et al. 2017). Although
there is some evidence of a recent global pattern of land
“greening”, which could indicate increasing primary
production due to warming and elevated CO2 (Zhang
et al. 2015), the long-term effect of this trend on carbon
storage is uncertain because soil carbon accumulates at
very slow rates. Furthermore, microbial respiration can
increase significantly and, as a result, soil carbon pools
can decompose rapidly in response to changes in land
cover and climatic conditions even when those same
factors stimulate primary production. For example, the
human impact on land since the onset of plant domesti-
cation and agricultural production is estimated to have
resulted in the loss of 40 to 100 Pg C (Joosten 2015).
The current global soil carbon pool is estimated to be
over three times larger than the atmospheric pool (Le
Quéré et al. 2018). However, warming temperatures
could cause soils to lose another 55 Pg of organic
carbon by 2050, that is ~15% of the projected anthro-
pogenic CO2 emissions for the same period (Crowther
et al. 2016). In addition, emissions of greenhouse gases
other than CO2 can be caused by increasing plant cover.
For example, enlarged lenticels and aerenchyma that
enhance oxygenation of root systems in flooded areas
facilitate the movement of methane from the soil to the

air (Pangala et al. 2017). This process is expected to
interact with climate and physiological controls on
WUE and should be considered in future models.

The numerical formulation and hypotheses pro-
posed above focus on SPA interactions that have
been sufficiently well described to yield predictions
that could be used to address a need for land
prioritization tools for natural or engineered climate
solutions (Griscom et al. 2017; Schlesinger and
Amundson 2018). We recognize that our proposed
approach would require further validation for dynam-
ic variables that are difficult to monitor, such as
interannual variation in the structure and function of
plant and microbial communities, before practical
application. Future research stands to improve pre-
diction and ability to manage ecosystems for climate
change mitiation by considering a hierarchical frame-
work that constrains dynamic SPA interactions with-
in the well-defined boundaries of slow-changing
landscape properties and evolutionarily determined
resource use tradeoffs. Such an approach would ad-
dress at least three challenges for climate change
mitigation. First, it would improve landscape-level
planning to enhance carbon sequestration, a function
of primary productivity and organic matter stabiliza-
tion, while optimizing the use of limiting water and
nutrients. Second, it would allow for improved pre-
diction of changes in radiative and water balances,
both of which are affected by land cover, species
composition, and surface albedo. Third, it would
improve our ability to estimate and perhaps reduce
the risk of catasthropic disturbance, such as
fires, through conservation and management
of carbon-rich drought-prone landscapes. We hope
that the ideas discussed here will stimulate new ef-
forts in the spatiotemporal scaling domain of SPA
research to test theories and improve applied knowl-
edge toward concerted action for climate change
mitigation.
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