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Hydraulic redistribution affects modeled carbon cycling via
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Abstract
Hydraulic redistribution (HR) of water from moist to drier soils, through plant roots,
occurs world-wide in seasonally dry ecosystems. Although the influence of HR on
landscape hydrology and plant water use has been amply demonstrated, HR’s
effects on microbe-controlled processes sensitive to soil moisture, including carbon
and nutrient cycling at ecosystem scales, remain difficult to observe in the field and
have not been integrated into a predictive framework. We incorporated a representation of HR into the Community Land Model (CLM4.5) and found the new model
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improved predictions of water, energy, and system-scale carbon fluxes observed by
eddy covariance at four seasonally dry yet ecologically diverse temperate and tropical AmeriFlux sites. Modeled plant productivity and microbial activities were differentially stimulated by upward HR, resulting at times in increased plant demand
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outstripping increased nutrient supply. Modeled plant productivity and microbial
activities were diminished by downward HR. Overall, inclusion of HR tended to
increase modeled annual ecosystem uptake of CO2 (or reduce annual CO2 release
to the atmosphere). Moreover, engagement of CLM4.50 s ground-truthed fire module
indicated that though HR increased modeled fuel load at all four sites, upward HR
also moistened surface soil and hydrated vegetation sufficiently to limit the modeled
spread of dry season fire and concomitant very large CO2 emissions to the atmosphere. Historically, fire has been a dominant ecological force in many seasonally
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dry ecosystems, and intensification of soil drought and altered precipitation regimes
are expected for seasonally dry ecosystems in the future. HR may play an increasingly important role mitigating development of extreme soil water potential gradients and associated limitations on plant and soil microbial activities, and may inhibit
the spread of fire in seasonally dry ecosystems.
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1 | INTRODUCTION

for water flow from moist to dry soil along the water potential gradient. This “hydraulic redistribution” (HR) of water can be upward dur-

In seasonally dry ecosystems, when gradients in water content

ing dry periods as “hydraulic lift” (Richards & Caldwell, 1987),

develop in the soil column, plant root systems can serve as conduits

downward during rainy periods as “hydraulic descent” (Ryel,
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Caldwell, Leffler, & Yoder, 2003), or lateral (Brooks, Meinzer, Coulombe, & Gregg, 2002). The effects of HR on plant physiology and
landscape hydrology have now been amply demonstrated in seasonally dry ecosystems worldwide (Neumann & Cardon, 2012; Prieto,
~ uelas, 2014). During dry
Armas, & Pugnaire, 2012; Sardans & Pen
seasons, between two and eighty percent (multi-ecosystem average
~15%) of transpiration during daytime is supplied by upward HR the
previous night (Neumann & Cardon, 2012). Enhanced transpiration is
supported by increased stomatal opening, which can also enhance
photosynthesis. A number of modeling studies have now built on
this plant perspective to explore the impact of HR on surface water
and energy budgets (Baker et al., 2009; Domec et al., 2010; Fu
et al., 2016; Luo, Liang, & McCarthy, 2013; Quijano & Kumar, 2015;
Wang, 2011), ecosystem carbon balance (e.g., Baker et al., 2009;

F I G U R E 1 Plant (green shading) and microbial (brown shading)
pathways through which soil moisture, altered by hydraulic
redistribution, affects ecosystem element cycling as well as carbon
and energy exchange with the atmosphere

Domec et al., 2010; Luo et al., 2013), and plant community composition (e.g., Barron-Gafford et al., 2017; Wang, Alo, Mei, & Sun, 2011;

ecosystems: US-Wrc (Wind River Crane, Pacific Northwest douglas

Yu & D’Odorico, 2015).

fir/hemlock forest, WA); US-SCf (Southern California Climate Gradi-

At the ecosystem scale, however, it is the balance of net photo-

ent, oak-pine forest, CA); US-SRM (Santa Rita Mesquite, semidesert

synthetic plant carbon gain with carbon loss through decomposition

grassland with encroached mesquite, AZ); and BR-Sa1 (Santarem

and fire that sets whether carbon is taken up from or lost to the

KM67, evergreen broadleaf primary tropical forest, Brazil). We incor-

atmosphere from seasonally dry ecosystems. HR’s capacity to affect

porated Ryel, Caldwell, Yoder, Or, and Leffler (2002) formulation of

microbial activity, decomposition, nutrient availability to plants, and

HR into the Community Land Model with Century-based representa-

soil respiration rates in the field have long been suspected (e.g., Aan-

tion of soil carbon pool kinetics (Oleson et al., 2013), and first

derud & Richards, 2009; Caldwell, Dawson, & Richards, 1998) and

checked whether including HR improved the match between mod-

have recently been confirmed in sagebrush steppe (e.g., Cardon,

eled and measured evapotranspiration, Bowen ratio, and net ecosys-

Stark, Herron, & Rasmussen, 2013). HR can therefore affect system

tem exchange of CO2 with the atmosphere (NEE), when compared

scale carbon cycling and land-atmosphere carbon dioxide (CO2)

to the default CLM4.5 modeling scheme. We then explored how

exchange through at least two biological pathways (Figure 1). HR

changes in soil moisture associated with both upward and downward

can influence plant physiology, for example, enhancing stomatal con-

HR affected interlinked plant and microbial pathways driving ecosys-

ductance during drought and thus increasing photosynthesis (green

tem carbon and nutrient cycling (Figure 1), and we examined

shading, Figure 1). HR can also affect soil microbial activity, the mag-

whether HR-associated changes in surface soil moisture and fuel

nitude of heterotrophic soil respiration, and nutrient cycling and

availability were sufficiently large to affect the incidence and

availability for plant growth (brown shading, Figure 1). The two

spread of modeled fire and associated large carbon fluxes to the

interacting biological pathways shown in Figure 1 have not previ-

atmosphere.

ously been integrated into one HR modeling framework, and their
relative strengths in affecting primary productivity remains unknown.
Furthermore, fire ignited through human activities or lightning can
be a major driver of the ecology of seasonally dry ecosystems, and
fire’s effects on CO2 fluxes potentially swamp plant and microbial

2 | MATERIALS AND METHODS
2.1 | AmeriFlux sites

controls over CO2 fluxes to the atmosphere (Frank et al., 2015). The

Sites US-Wrc, US-SCf, US-SRM, and BR-Sa1 were chosen for several

potential influence of HR on carbon loss via fire in seasonally dry

reasons. HR has been detected at all four, via sap-flow and/or soil

ecosystems has not been previously explored using modeling, though

moisture measurements (Kitajima, Allen, & Goulden, 2013; Meinzer

upward HR maintains plant hydration and moistens upper soil layers

et al., 2004; Oliveira, Dawson, Burgess, & Nepstad, 2005; Scott,

most strongly during dry seasons, the very time when fire can spread

Cable, & Hultine, 2008). The sites are all seasonally dry but other-

and dominate ecosystem carbon loss.

wise ecologically diverse (Table 1, http://ameriflux.lbl.gov/sites/).

Here, we used a combination of modeling and eddy flux mea-

The sites offer concurrent meteorological forcing, soil moisture,

surements to examine the strength and interplay of plant and micro-

latent and sensible heat flux, and NEE data essential for modeling

bial pathways influenced by HR (Figure 1). We worked in

and model-measurement comparisons. Empirical data for US-SRM,

ecologically diverse, seasonally dry temperate and tropical ecosys-

US-SCf, and BR-Sa1 were downloaded from the AmeriFlux data

tems arrayed from Washington State to the Amazon, with annual

repository (http://ameriflux.lbl.gov/data/data-availability/, accessed

rainfall spanning ~400–2,000 mm, soils ranging from clay to sandy

6/20/2016, 6/30/2016, and 7/6/2016, respectively); data for

loam and loamy sand, and diverse vegetation types. HR has previ-

US-SCf were downloaded from http://www.ess.uci.edu/~california/

ously been detected at AmeriFlux sites within these diverse

(accessed 8/31/2016).
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T A B L E 1 Study site information

Site

Location

Elevation
(m)

US-SCf

33.8080°N, 116.7717°W, CA

1,710

BR-Sa1

2.8566°S, 54.9589°W,
Para, Brazil

US-Wrc

45.8205°N, 121.9519°W, WA

US-SRM

31.8214°N, 110.8661°W, AZ

88

Annual
precipitation
(mm)

€ ppen climate
Ko

Vegetation

Mediterranean (Csa)

Oak/pine forest

Average
temperature
(°C)

Atmospheric
forcing data

530a

13.3a

2007–2012

b

25.0b

2009–2011

Tropical monsoon (Am)

Macaranduba,
Jatoba, Taxi

1,910

371

Mediterranean (Csb)

Douglas fir,
western hemlock

2,220c

8.7c

1999–2008

1,116

Cold semi-arid (BSk)

Mesquite trees,
bunchgrass

380d

19.6e

2004–2012

a

2007–2012.
From Grant et al. (2009).
c
1978–1998 from NOAA station 5 km north of the US-Wrc tower.
d
1937–2007 from Scott, Jenerette, Potts, and Huxman (2009).
e
2004–2012.
b

2.2 | CLM4.5 modeling framework

avoid this problem, we constrained the leaf phenology at US-SRM
based on observations.

The Community Land Model Version 4.5 (CLM4.5 public release,
Oleson et al., 2013), with Century-based soil carbon pool kinetics,
was used to simulate surface water and energy budgets at the land

2.3 | Modeling HR

surface, carbon and nitrogen biogeochemistry, plant phenology, veg-

We incorporated the HR scheme from Ryel et al. (2002) into

etation growth, and mortality. CLM4.5 supports tracking the distribu-

CLM4.5. Soil water moved via plant roots between any two soil lay-

tion and dynamics of soil organic carbon and water vertically

ers (HR), in addition to the default flux already in CLM4.5 between

throughout the soil column—essential for modeling and quantifying

adjacent soil layers through soil pore space. We quantified the HR-

the integrated effects of HR that by nature are differentially dis-

associated soil water flux qHR(i, j) (cm/hr) between a receiving soil

tributed vertically. At BR-Sa1, maximum soil depth was increased to

layer i and a giving soil layer j as:

12 m following field observations and common modeling practice
qHR ði; jÞ ¼ CRT Dum cj

(Table 2; Baker et al., 2009; Grant et al., 2009; Ivanov et al., 2012;

Froot ðiÞFroot ðjÞ
1  Froot ðjÞ

(1)

Lee, Oliveira, Dawson, & Fung, 2005; Nepstad et al., 1994; Zheng &
Wang, 2007). Table S1 provides Clapp and Hornberger (1978) ”B”

CRT

is

the

maximum

radial

soil-root

conductance

factors for all soil layers at each site. At US-Wrc, “B” factors were

(cm MPa1 hr1), Dφm is water potential difference between two soil

shifted slightly relative to values used in our previous modeling (see

layers (MPa), Froot (i) is root fraction in layer i, and the factor reduc-

Supporting Information), but still within ranges of B observed for the

ing soil-root conductance for water in the giving layer cj is

observed texture profiles (Fu et al., 2016).
Vegetation in CLM4.5 is represented as a combination of plant

cj ¼

1þ

1
 b
uj
u50

(2)

functional types (PFTs); all vegetation-related state variables and
surface fluxes are solved at the PFT level. Realistic simulation of

In Equation (2), φj is soil water potential in layer j (MPa), φ50 is

leaf area index (LAI) is critical, as LAI controls the surface energy,

the soil water potential where soil-root conductance is reduced by

water, and carbon budgets and links vegetation’s biogeophysical

50% (MPa), and b is an empirical constant. Our previous work (Fu

and biogeochemical processes. In CLM4.5, LAI is estimated based

et al., 2016) illustrated that CLM modeling results were relatively

on the leaf carbon storage and the specific leaf area at the canopy

sensitive to variations in CRT and φ50, and were relatively insensitive

top (SLA), but SLA can vary significantly among species within the

to variations in the parameter b. Here, we used φ50 and b as in (Li,

same PFT. To represent the specific plant species observed at each

Wang et al., 2012; Ryel et al., 2002; Zheng & Wang, 2007). We set

site more realistically, the SLA for broadleaf deciduous shrubs at

CRT to 0.1 at the three forest sites, consistent with Ryel et al.

US-Wrc site and for all woody PFTs at the US-SCf site was

(2002), but tuned CRT to 1.0 at US-SRM to better capture the diel

reduced to 1/3 of the default values set for global applications of

fluctuations in soil moisture during dry periods.

CLM4.5. These modified values were within the scopes of SLA for
the corresponding species (Reich, Walters, & Ellsworth, 1997).
CLM4.5 simulates plant phenology reasonably well (Table S2,

2.4 | Experimental design

Supporting Information; Thornton et al., 2002), except at the driest

To derive a stable vertical soil carbon distribution for initial condi-

site US-SRM, where the model predicts multiple successive rounds

tions, we used an accelerated decomposition spinup run of

of leaf production and abscission within single years (Figure S1). To

1,200 years followed by a normal spinup run of 2,100 years that
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T A B L E 2 Data sources for model inputs
Site

Atmospheric
forcing data

Maximum
soil depth

US-SCf

M. Gouldena

Soil texture

Root fraction profile

Table 3 in Anderson
and Goulden (2011), “Doak”

3.8 m (Default)

Sandy loam, loamy sandb

Jackson et al. (1996)

BR-Sa1

S. Saleskac

NCAR database (broadleaf
evergreen tree: 84%;
broadleaf deciduous
tree: 10%; grass: 6%)

12 m, Nepstad
et al. (1994)

Clay. Table 1 in Grant et al. (2009)

Figure 2, Ivanov et al. (2012)

US-Wrc

AmeriFlux
tower datad

Google Earth map; Table 2
in Shaw et al. (2004)
(overstory trees: 24%;
vine maple: 36%; salal and
oregon grape: 40%)

3.8 m (Default)

Sandy loam, with loam
and clay loam. Figure 4 in
Warren, Meinzer,
Brooks, & Domec (2005)

Jackson et al. (1996)

US-SRM

AmeriFlux
tower datae

R. Scott, USDA-ARS
(bare ground: 40%;
mesquite canopy:
35%; grass: 25%)

3.8 m (Default)

Loamy sandf. Scott et al. (2009)

Jackson et al. (1996)

Land coverage

a

http://www.ess.uci.edu/~california/, accessed 6/29/2013.
M. Goulden (pers. comm.)
c
(pers.comm.)
d
ftp://cdiac.ornl.gov/pub/ameriflux/data/Level2/Sites_ByName/Wind_River_Field_Station/with_gaps/, accessed 7/5/2013.
e
ftp://cdiac.ornl.gov/pub/ameriflux/data/Level2/Sites_ByName/Santa_Rita_Mesquite_Savanna/with_gaps/, accessed 4/2/2013.
f
ftp://cdiac.ornl.gov/pub/ameriflux/data/Level1/Sites_ByName/Santa_Rita_Mesquite_Savanna/biological_data/SantaRitaMesquite_Biological_Data_Ver
sion2_7Nov2008.xls, accessed 3/29/2013.
b

cycled through the site-specific meteorological forcing multiple times

the relative importance of effects of HR initiated through the plant

(Oleson et al., 2013). HR was included during this spinup, because it

pathway alone (CLM4.5hybrid vs CLM4.5noHR) vs those initiated

is known to occur at all four sites. The carbon and nitrogen pools

through both the plant and microbial pathways (CLM4.5+HR vs

resulting from this spinup were used to initialize subsequent model-

CLM4.5noHR).

ing runs.

Finally, we examined whether HR could affect the frequency or

Simulations using the CLM4.5 modeling scheme including HR are

extent of fire by taking advantage of the fire module developed in

referred to as “CLM4.5+HR”. At each AmeriFlux site, we first

CLM4.5 (Li, Levis, & Ward, 2013; Li, Zeng, & Levis, 2012). By run-

checked whether CLM4.5+HR improved the match between mea-

ning the CLM4.5+HR and the default CLM4.5noHR simulations with

sured and modeled net ecosystem carbon exchange with the atmo-

the fire module engaged (referred to as “CLM4.5+HR” and

sphere (NEE), evapotranspiration (ET), and the Bowen ratio, when

“CLM4.5noHR+fire”), we explored whether HR-associated changes in

compared to the default CLM4.5 modeling scheme lacking explicit

surface soil moisture and fuel availability were sufficiently large to

representation of HR (“CLM4.5noHR” also referred to as “noHR”).

affect the incidence and spread of modeled fire and associated large

We then used both models to explore how changes in soil moisture

carbon fluxes to the atmosphere.

associated with HR affected plant production, heterotrophic respiration, nutrient mineralization, nutrient availability, and biosphereatmosphere CO2 exchange.
We developed a “CLM4.5hybrid” modeling approach to explore
the relative strengths of HR’s effects exerted through the plant and
microbial pathways (Figure 1, and see Supporting Information).

3 | RESULTS
3.1 | Comparison of predicted and measured
ecosystem process

Briefly, in the “CLM4.5hybrid” simulations, HR affected soil moisture

Weekly means were calculated at each AmeriFlux site from multi-

distribution for all modeled processes except for those soil microbial

year simulations and from measured eddy flux datasets. Root mean

processes that are explicitly affected by soil moisture content in core

square error (RMSE), quantifying the disagreement between modeled

CLM4.5 equations: decomposition, nitrification, and denitrification.

and measured Bowen ratio, ET, and NEE, is smaller when HR is

(Calculation of microbial immobilization of nutrients is not directly

included in CLM4.5 (Table 3). At US-Wrc, including HR in CLM4.5

affected by soil water content in CLM4.5.) Decomposition, nitrifica-

improved the match of mean modeled and measured ET, but the

tion, and denitrification rates in the CLM4.5hybrid simulation were

match of dynamics around the mean was not improved and drove

driven using soil moisture output from the CLM4.5noHR run, effec-

higher RMSE for ET (see Supporting Information). Taylor plots (Tay-

tively making them blind to HR. By comparing results from the

lor, 2001) (Figure S2) show that inclusion of HR at all sites improves

CLM4.5hybrid, CLM4.5+HR and CLM4.5noHR runs, we could assess

model-measurement match quantified by several statistical metrics.
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T A B L E 3 Root mean square error (RMSE) quantifying
disagreement between modeled and measured weekly mean Bowen
ratio (B), ET, and NEE, for the CLM4.5+HR and CLM4.5noHR
simulations
US-SCf

BR-Sa1

US-Wrc

US-SRM

ET AL.

CLM4.5noHR simulations (Figure S5a). This differential soil moisture
caused by HR persisted throughout most of the year and its
effects cascaded through ecosystem processes, altering modeled
nitrogen (N)- and carbon (C)-cycling (Figure 2b,c). (Figure S5b,c
shows the modeled pools and rates which were used to derive the

B (+HR)

4.52

0.11

2.87

6.72

B (noHR)

10.16

0.21

2.98

34.67

ET (+HR)

0.62

0.26

0.80

0.28

During dry seasons (designated with yellow blocks, Figure 2b,

ET (noHR)

0.85

0.41

0.75

0.34

c), upward HR at all four sites increased modeled gross N mineral-

NEE (+HR)

1.97

1.22

1.98

0.67

ization from organic matter (19%, 9%, 12%, and 8% increase,

NEE (noHR)

2.23

1.32

2.07

0.74

respectively, at US-SCf, BR-Sa1, US-Wrc, and US-SRM), microbial

differences between the CLM4.5+HR and CLM4.5noHR runs
shown in Figure 2b,c).

N immobilization (17%, 10%, 6%, and 22%, respectively), and plant
Time courses of measured and modeled ET and NEE are shown in

mineral N uptake (43%, 10%, 18%, and 91%, respectively), relative

Figures S3 and S4. Modeled gross primary production, net primary

to simulated rates without HR (Figures 2b and S5b). This increase

production, and soil organic carbon content compare reasonably with

in modeled plant mineral N uptake was driven by increased plant

published literature values in Table 4. Modeled and observed maxi-

demand associated with increased dry season gross primary pro-

mum LAI (Arag~ao, Shimabukuro, Espırito Santo, & Williams, 2005;

ductivity (43%, 11%, 19%, and 54%, respectively, Figures 2c and

Fellows & Goulden, 2013; Scott, Biederman, Hamerlynck, & Barron-

S5c). Upward HR also, however, increased dry season hetero-

Gafford, 2015), liter mass, fine root biomass, and leaf expansion

trophic respiration of CO2 by soil microbes (19%, 10%, 19%, and

dates (Richardson et al., 2012) are compared in Table S2.

15% respectively, Figures 2c and S5c, and as suggested in Figure 1). The overall effect of upward HR on the modeled system-

3.2 | Carbon and nutrient cycling

level carbon balance was, therefore, complex. At US-SRM, dry sea-

The timing of upward and downward HR is predictable from sea-

sphere occurred whether HR was included in the modeling or not

sonal dry spells and rain patterns. Figure 2a shows the multiyear

(Figure S5; Table 5). However, upward HR at US-SRM reduced

average instantaneous gain (blue) and loss (gold) of water moved

that modeled dry season loss of CO2 to the atmosphere by 29%

exclusively by HR among different soil layers in the CLM4.5+HR

relative to the simulation without HR (Figure 2c; Table 5). At the

simulation. Soil moisture is quantified as volumetric soil moisture

other three sites, modeled NEE was negative overall during the

content (%). The cumulative effects of HR over time on soil mois-

dry season (Figure S5c; Table 5), indicating net CO2 uptake from

ture through all system processes (e.g., including through altered

the atmosphere. Upward HR enhanced modeled dry season CO2

plant biomass and/or transpiration) is quantified as the difference

uptake by 100% at US-SCf and 21% at US-Wrc (Figure 2c;

in

Table 5).

modeled

soil

moisture

between

son NEE was positive, indicating release of CO2 to the atmo-

the

CLM4.5+HR

and

T A B L E 4 Observed and mean (SD) modeled (CLM4.5+HR) gross and net primary production (GPP and NPP, gC m2 year1) and soil
organic carbon content (SOC, kgC m2). Values in brackets are ranges of observations. Modeling data were extracted for time spans matching
observational data
US-SCf

GPP

a

BR-Sa1

US-Wrc

Observed

Modeled

Observed

Modeled

1,086  111a

1,365  62

3,160b

2,970  133

900e

1,033  84

NPP

–

569  29

SOC
(0–20 cm)

–

7.3  0.003

SOC
(0–1 m)

–

18.1  0.004

–
2–18 [mode 9]i

US-SRM

Observed

Modeled

Observed

Modeled

1,378c

1,613  78

280d [~210–315]

234  20

597f

630  49

–

100  15

6.5  0.005

6.5 [0.9–24]g

7.1  0.003

1.05g, 1.9h

0.8  0.001

14.2  0.007

–

17.8  0.003

5.3h

2.3  0.001

From Fellows & Goulden (2013), years 2007–2009.
From Hutyra et al. (2008), years 2003–2005.
c
From Falk, Wharton, Schroeder, Ustin, & Paw U (2008), years 1999–2004.
d
From Scott et al. (2009), years 2004–2007, and for 2004–2015, 331  75, R. Scott pers. comm.
e
From Chambers et al. (2014), for central Amazonian forests.
f
From Harmon et al. (2004).
g
From biological data files, accessed August 2015, ftp://cdiac.ornl.gov/pub/ameriflux/data/Level1/.
h
R. Scott pers. comm.
i
From Koven et al. (2013), for tropical latitudes.
b
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Downward HR also affected modeled C- and N-cycling. Down-

of HR on both plants and microbes (Figure 1, green and brown

ward HR was dominant at US-SRM (Figure 2a), where total annual

shading). Panels in Figure 4b illustrate modeled process rates (per

rainfall was low but concentrated in approximately 2 months after

m2 land surface) produced by the CLM4.5+HR (blue), CLM4.5hy-

the dry season (Figure S6a). Not surprisingly, measurements and

brid (green), and CLM4.5noHR (red) simulations. Data from simula-

modeling showed that rainfall strongly stimulated plant and microbial

tions during 1 year only are presented to ease visual comparisons

processes (Figure S5). Modeling indicated that the extent of stimula-

among modeling runs. Panels are similar to those in Figure S5b,c,

tion was curtailed, however, by downward HR. This was because

but with the addition of modeled nutrient limitation of GPP. This

downward HR moved rain from surface layers (where substrates for

nutrient limitation was quantified as the % reduction in potential

decomposition and plant root density are maximum) to drier deeper

GPP caused by unfulfilled plant N demand. GPP panels show both

soil layers (where litter and plant roots are more sparse). Downward

the modeled potential (pastel lines) and realized GPP (solid lines).

HR led to decreased modeled gross mineralization, microbial N

During the dry season at all sites (yellow blocks, Figure 4b), mod-

immobilization, and plant mineral N uptake during July and August,

eled microbial heterotrophic respiration and gross mineralization

relative to the no HR case (16%, 13%, and 27% decreases, respec-

were most similar in the CLM4.5noHR (red) and CLM4.5hybrid

tively, Figures 2b and S5b). Downward HR also led to decreased

(green) cases. This was expected; the two simulations shared the

modeled GPP and heterotrophic respiration during July and August,

CLM4.5noHR soil moisture driver, so the green and red traces for

relative to the noHR case (17% and 15% decreases, respectively, Fig-

those two microbial processes largely overlap during the dry season

ures 2c and S5c). The overall effect of downward HR on modeled

(Figure 4b). Modeled GPP during dry seasons, however, was most

NEE during July and August at US-SRM was a 37% decrease in

similar between the CLM4.5hybrid (green) and CLM4.5+HR (blue)

ecosystem carbon uptake from the atmosphere relative to the noHR

runs (Figure 4b). (The two runs shared HR’s effects on GPP via the

case (Figures 2c and S5c).

plant pathway.) Therefore, GPP in the CLM4.5hybrid run (green) at

Evaluating the combined effect of upward and downward HR

US-SCf, BR-Sa1, and US-Wrc was stimulated (via the plant pathway)

on annual NEE at each site therefore required integrating through-

by upward HR relative to the noHR (red) run, but gross mineraliza-

out the year (Table 5). At US-SRM, inclusion of HR in CLM4.5

tion was not. The result was increased modeled nutrient limitation

caused modeled annual NEE to shift to 19% stronger annual

of GPP during the dry season at US-SCf, BR-SA1, and US-Wrc in

ecosystem uptake of CO2 from the atmosphere. At US-SCf, mod-

both the CLM4.5hybrid (green) and CLM4.5+HR (blue) runs, com-

eled annual net CO2 release to the atmosphere in CLM4.5+HR was

pared to the CLM4.5noHR run (red) (Figure 4b). At US-SRM, in con-

93% lower than in CLM4.5noHR, largely because upward HR

trast, highest GPP and strong hydraulic descent occurred when rains

spurred a notable increase in CO2 uptake during the dry season. At

returned just after the dry season. Modeled gross mineralization of

US-Wrc, including HR changed the annual NEE from net annual

N by soil microbes was highest in the CLM4.5noHR and CLM4.5hy-

ecosystem release of CO2 to the atmosphere (in CLM4.5noHR) to

brid cases (Figure 4b) because without downward HR, surface soil

net annual uptake of CO2 (in CLM4.5+HR), driven by changes in

(where root density and detritus availability are high) remained more

NEE during both dry and wet seasons. At BR-Sa1, small HR-

moist during the rainy season. Early in the rainy season, potential

induced changes in modeled NEE in the dry and wet seasons off-

GPP was highest in the CLM4.5noHR case (with most moist surface

set one another, resulting in modeled annual NEE being indistin-

soils), but realized GPP rapidly diminished when nutrient limitation

guishable with and without HR.

emerged approximately Julian day 210.
For all sites, the lowermost scatterplot panels of Figure 4b illus-

3.3 | Carbon pools in vegetation, litter, and coarse
woody debris

trate the calculated stimulation, or diminution, of GPP by HR attributable to the plant pathway. The scatterplot panel for each site
focuses on the time period during which the three simulations’ pre-

Interannual mean (SE) vegetative structural carbon pools were lar-

dictions of realized GPP most diverge. For the three sites with

ger in CLM4.5+HR than in CLM4.5noHR simulations, at all four sites

strong hydraulic lift, divergence is dominantly during the dry season.

(Figure 3). Only one component of vegetation—the fine root pool at

At US-SCf, ~80% of the HR-related stimulation of GPP (above the

US-SRM—was reduced when HR was included in CLM4.5. Inclusion

CLM4.5noHR value) could be explained by the plant pathway alone,

of HR drove decreased coarse woody debris at US-SCf, BR-Sa1, and

independent of any soil moisture effect on decomposition. Similarly

US-Wrc, and increased litter C at US-SCf and US-SRM. Soil organic

at US-Wrc, much of the stimulation of GPP could be explained via

carbon pools were large (Table 4); in the short time frame of our

effects on the plant pathway. At BR-Sa1, the three models did not

comparative modeling they did not change significantly.

diverge strongly, but less than half of the small HR-related stimulation of GPP could be explained by the plant pathway alone.
At US-SRM, differences among models in GPP were most obvious

3.4 | Plant- and microbe-driven pathways

during hydraulic descent driven by rains in July and August (Figure 4b).

The “CLM4.5hybrid” model distinguished effects of HR initiated

We therefore examined modeled diminution (rather than stimulation)

through

Figure 1).

of GPP attributable to plant and microbial pathways. During a short

CLM4.5+HR simulations, in contrast, captured the multiple effects

early period of maximum modeled GPP on ~Julian day 210, the

the

plant

pathway

alone

(shaded

green,
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F I G U R E 2 Modeled gains and losses of water within the soil column caused by HR, over time and with depth, and associated plant and
soil microbial response. Weekly data were averaged across all modeled years. Data are arranged in columns by site. (a) Contour plots of multiyear averaged instantaneous HR (simulated using CLM4.5+HR) show gains and losses of water (quantified as volumetric soil water content, in
%) at different depths within soil columns. Blue and gold shading indicate times and soil depths where water is gained (blue) or lost (gold)
through the action of HR alone. (b) and (c) Multi-year averaged differences in modeled nutrient (b) and carbon (c) cycling (per m2 land surface)
caused by cumulative effects of HR. Yellow-shaded blocks in (b) and (c) mark dry periods. Interannual means are plotted in black; interannual
standard errors are shown with blue (N-processes) or green (C-processes) shading
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T A B L E 5 Modeled annual, dry season NEE, and wet season NEE (gC/(m2 s)), at all four Ameriflux sites (1 gC/(m2 s)  83 9 103 lmol
CO2 m2 s1)
Annual NEE

Dry season NEE

CLM4.5noHR

CLM4.5+HR

US-SCf

4.97E-06

0.32E-06

Wet season NEE

CLM4.5noHR

CLM4.5+HR

6.35E-06

12.7E-06

CLM4.5noHR

CLM4.5+HR

11.3E-06

13.0E-06

BR-Sa1

2.00E-06

1.99E-06

8.39E-06

7.91E-06

6.39E-06

5.92E-06

US-Wrc

0.57E-06

0.23E-06

11.3E-06

13.6E-06

11.9E-06

13.4E-06

US-SRM

0.77E-06

0.92E-06

1.89E-06

1.35E-06

2.66E-06

2.27E-06

CLM4.5 hybrid model indicated restriction of GPP by downward HR

sporadically at US-Wrc. In lower panels of Figure 5a, HR is included

was caused more by plants than microbes. After that short window,

in the modeling; traces are colored blue and grey, for simulations

however, modeled GPP dropped, and the CLM4.5hybrid (green) and

where fire is not (blue) and is (grey) included. Again, fire-driven

CLM4.5noHR (red) traces became indistinguishable, indicating the fur-

increases in CO2 release to the atmosphere are colored orange.

ther depression of realized GPP in the CLM4.5+HR case (blue) was dri-

Inclusion of HR in CLM4.5 resulted in reduced annual fire-driven

ven through the microbial pathway, likely via reduced gross

CO2 emissions at US-SCf, and practically no fire at BR-Sa1 and US-

mineralization and nutrient availability (Figure 4b).

Wrc. Although HR slightly decreased fire counts and fuel combustibility (Figure S7), the most dramatic effect of HR was on the
reduced spread of any fire that was ignited. Reduced fire spread, as

3.5 | Incidence and spread of fire

calculated by CLM4.5, resulted dominantly from an increase in root

Within the CLM4.5 fire module (Li, Zeng et al., 2012; Li et al., 2013;

zone soil wetness and associated fuel wetness (Figure S7). At US-

Oleson et al., 2013), the simulated fuel load (combined aboveground

SRM, fire-induced emission of CO2 was not dramatically changed by

vegetation, coarse woody debris, and litter) increased with HR at all

inclusion of HR in CLM4.5 because in that ecosystem HR dominantly

four sites (Figure 3), suggesting HR might intensify fire. However,

occurs during the rainy season as hydraulic descent.

strong upward HR also increased surface soil volumetric water con-

Model spinup for thousands of years had included HR but no

tent during fire-prone dry seasons (Figures 2a, S6b and S5a). In

fire. At all sites, fire in the absence of HR (labeled noHR+fire, Fig-

CLM4.5, increased root zone soil wetness (which in the field would

ure 5b) notably reduced vegetation pools over time, relative to the

reflect water content in vegetation) suppresses fire spread.

initial spinup conditions.

Figure 5 shows interacting effects of fire and HR on CO2 fluxes
to the atmosphere (Figure 5a) and on vegetation pools (Figure 5b),
over multiple years at each site. Uppermost panels of Figure 5a

4 | DISCUSSION

show NEE modeled without HR. In each panel, the dark red trace
shows NEE with the fire module engaged; the light red trace shows

Combined measurement and modeling incorporating HR at the

NEE without the fire module engaged. Where these traces diverge,

Washington, California, Arizona, and Brazilian AmeriFlux sites led to

that is, where inclusion of the fire module drove increased CO2

three major conclusions.

release to the atmosphere, the area between the two modeling

First, incorporating HR into CLM4.5 improved model predictions

traces is filled with orange. Without HR, fire was predicted to occur

of water, energy, and carbon fluxes measured at tropical and tem-

at all four sites: annually at mediterranean US-SCf and semi-arid US-

perate sites with seasonally dry climate. This improvement does not

SRM during dry seasons, during the 2009 drought at BR-Sa1, and

depend on whether upward HR during dry seasons or downward HR

Mean annual difference in
C pools modeled with and
without HR (gC m–2)
(CLM4.5+HR - CLM4.5noHR)

during rainy seasons was dominant.

400
300

Vegetation
structural
pools

200

Leaf C
Fine root C
Live stem C
Live coarse root C
Dead stem C
Dead coarse root C
Litter C
Coarse woody debris C

Second, modeled plant productivity and microbial activities were
stimulated by upward HR, and diminished by downward HR, relative
to the noHR simulations. However, overall plant nutrient demand
stimulated by HR could outstrip stimulation of nutrient supply,
heightening nutrient limitation, and therefore curtailing the magnitude of increase in realized GPP.
Third, the most potent effect of upward HR on ecosystem car-

100

bon release to the atmosphere was via suppression of fire in the
model. Surprisingly, though HR increased modeled fuel availability in

0

all four ecosystems, strong upward HR at US-SCf, BR-Sa1, and US-

US-SCf

BR-Sa1

US-Wrc

US-SRM

Wrc significantly diminished the modeled spread of fires during dry
seasons. (At US-SRM, HR was dominantly downward during the

F I G U R E 3 Interannual mean (SE) difference in various carbon
pools modeled using CLM4.5+HR and CLM4.5noHR

rainy season and had little effect on fire.)
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F I G U R E 4 Differences in modeled heterotrophic respiration caused by HR, over time and with depth, and concomitant development of
nutrient limitation of GPP. (a) Contour plots of multi-year-averaged differences in modeled heterotrophic respiration driven by HR, as a
function of soil depth. Weekly data were averaged across all modeled years. Blue shading indicates times and soil depths when heterotrophic
respiration is higher in the CLM4.5+HR case than in the CLM4.5noHR case. Gold shading indicates soil depths and times when heterotrophic
respiration is lower in the CLM4.5+HR than in the CLM4.5noHR case. (b) Comparison of microbial processes (heterotrophic respiration and
gross mineralization), and downregulation of modeled GPP by nutrient limitation, during a single year at each site, modeled using CLM4.5+HR
(blue), CLM4.5hybrid (green), and CLM4.5noHR (red) approaches. Data are arranged in columns by site. Yellow-shaded blocks mark dry periods
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These findings provide a predictive framework for how HR influ-

formulation into CLM4.5, to replace the Ryel et al. (2002) formula-

ences linked hydrological and biogeochemical processes in seasonally

tion. We parameterized radial and axial specific conductivities of root

dry ecosystems. When hydraulic descent is dominant, downward HR

systems (required in the Amenu and Kumar formulation) in the same

is predicted to reduce rainy season gross mineralization, hetero-

way as Tang et al. (2015). Driving the model with site-specific mete-

trophic respiration, GPP, and NPP relative to rates if HR did not

orological forcing and other parameters as described for our other

occur. Discussion of downward HR in the literature has most often

simulations, we tested the model at both BR-Sa1 (Brazilian tropics)

emphasized seasonal deep water storage (e.g., Ryel et al., 2003), and

and US-SCf (California) sites. Unlike Tang et al. (2015) we found

largely has not considered such biogeochemical consequences of

improved prediction of ET at both the tropical and the temperate

water redistribution away from upper soil layers where detritus and

sites. (RMSE at US-SCf was 0.82, and at BR-Sa1 was 0.28, both

root mass are concentrated. Minimal interaction of downward HR

smaller than the RMSE in the noHR case included in Table 3. Taylor

with the spread of fire is expected, since strong downward HR dur-

plots comparing model outputs are shown in Figure S8.) The contrast

ing rain does not coincide with the fire season. When upward HR is

between our results using Amenu and Kumar’s formulation and

strong during dry seasons, HR is predicted to increase gross mineral-

those of Tang et al. (2015) serve as a reminder that inclusion of HR

ization, heterotrophic respiration, GPP, and NPP, and may notably

cannot (and is not meant to) compensate for errors caused by imper-

reduce the spread of dry season fire.

fect meteorological forcing, deficiencies in model structure, or insuf-

Within this framework, the dominance and timing of upward vs
downward HR is predictable from total annual precipitation and the

ficient

calibration

of

model

parameters

unrelated

to

the

representation of HR (as also discussed by Tang et al., 2015).

timing of its fall during the year. At the highest rainfall sites US-Wrc

Although many modeled carbon pools and flux rates compare

and BR-Sa1, the soil column was deeply recharged with water during

reasonably well with measurements from the sites we studied, there

each rainy season, poising the system for upward HR during the sub-

were exceptions. At the very dry site US-SRM, modeled LAI exhib-

sequent dry season. Since deep soil layers were not extensively

ited multiple leaf flushes and losses annually, so was instead speci-

depleted during the dry season, the gradient of soil water potential

fied from site measurements in our simulations. Modeled SOC pools

was relatively weak for downward HR when rains returned. At US-

at BR-Sa1 were larger than measured pools; this tendency is a

SCf, total annual rainfall was intermediate, and upward HR depleted

known bias in CLM4.5 with Century-based soil carbon pool kinetics

deep soil moisture during the very long dry period. When rains

(Koven et al., 2013). But, for example, calculation of microbial immo-

returned, the strong water potential gradient from surface to deep

bilization of nutrients in CLM4.5 is not directly affected by soil mois-

soil briefly drove hydraulic descent, replenishing deep soil moisture

ture, thus uncoupling effects of HR on microbial uptake of nutrients

(Fellows & Goulden, 2013). At the driest site US-SRM, overall rainfall

from microbe-controlled nitrogen transformations in soil. It is chal-

was so limited that soil was neither deeply nor completely saturated

lenging to test the multi-year N pool and process rates produced by

during the rainy season. Two-thirds of the annual rain fell during the

CLM4.5 at these AmeriFlux sites; time courses of nitrogen process-

80 days after the end of the dry season, spurring notable downward

ing rates or pool sizes in soils do not exist at the four focal sites we

HR to dry, deep soil, but not saturating it (Figures 2a and S6b).

studied. Though such datasets would be very useful for model test-

Upward HR during the subsequent dry season was therefore limited.

ing they are generally very rare. Still, a few pieces of nitrogen pool

From a theoretical perspective, inclusion of HR in CLM4.5

and process data are available and can be used for spot comparisons.

improves the hydrologic realism of the model, and this was supported

Yang, Ryals, Cusack, and Silver (2017) quantified nitrate pools in

by improved match of predicted to measured Bowen ratio, ET, and

0–10 cm soil cores at five California forested sites, one site being

NEE at the four ecologically diverse sites examined here. Several

the James Reserve where US-SCf is located. They found average soil

other studies have noted similar improvements, using HR embedded

nitrate pools of approximately 0.2 mg/kgsoil. The averaged CLM4.5-

in CLM4.5 (Fu et al., 2016; examining ET and Bowen ratio at eight

modeled value for spring at US-SCf (from 0 to 9 cm depth) was

AmeriFlux sites) and other modeling approaches (Domec et al., 2010;

0.11 mg/kgsoil. Durigan et al. (2017) measured ~4,500 gN/m2 in sur-

Luo et al., 2013; examining ET, NEE, and GPP). The impact of includ-

face soil (0–30 cm) in undisturbed forest, Santarem, Brazil; CLM4.5

ing HR within models, however, may not always manifest as an

output from BR-Sa1 (also in Santarem) was 1,245 gN/m2 (for 0–

immediate reduction in model biases for all variables. For example,

39 cm soil depth). For US-Wrc, Binkley, Sollins, Bell, Sachs, and Myr-

Baker et al. (2009) used the Simple Biosphere Model (SiB3) to exam-

old (1992) estimated annual conifer nitrogen uptake at the Wind

ine the effects of HR at Tapajos km83 in Brazil and found that includ-

River Experimental Forest to be in the range of 5 kg ha1 year1

ing HR did not resolve a mismatch between measured and modeled

(based on estimates of annual biomass production and the nitrogen

dynamics in NEE. Tang, Riley, and Niu (2015) embedded Amenu and

concentration

Kumar’s (2008) mathematical representation of HR in CLM4.5 and

0.2 9 107 gN m2 s1. The CLM4.5-modeled annual plant N

applied it globally without site-specific meteorological forcing or local

uptake (for all plants at US-Wrc) was ~3 gN m2 s1. At US-SRM, R.

information. They found including HR could improve simulation of ET

Scott (unpubl.) estimated site N pools in soil given measured N pools

north of 20°N latitude, but not in the tropics.

of

various

tissue

types),

translating

to

under bare soil, mesquite, and grass: 0–10,10–20, 20–50, and 50–

To test the sensitivity of our model to the HR formulation

100 cm depths had estimated 73, 50, 118, and 177 gN m2 s1. Mod-

included in CLM4.5, we substituted Amenu and Kumar’s (2008)

eled layers 0–16.6, 16.6–28.9, 28.9–83, 83–138 cm depths held 65,
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F I G U R E 5 Interacting effects of HR and fire. (a) Weekly averaged modeled NEE, when modeled HR is not (upper panels) or is (lower
panels) included in CLM4.5. In each panel, modeling runs with and without fire are both graphed; fire-induced CO2 release to the atmosphere
is indicated by orange fill between the two traces. (b) Mean annual size of the vegetation structural carbon pool in all simulations, over time,
relative to the initial pool size after spinup of CLM4.5+HR without fire
31, 88, 70 gN/m2. Overall, though match is not perfect, the modeled

cycling in the field are scarce (e.g., Cardon et al., 2013), but rele-

values for spot-measured nutrient pools and fluxes are reasonably simi-

vance is suggested here by the modeled stimulation (during upward

lar, joining water and carbon pools and fluxes where more data are

HR) and diminution (during downward HR) of plant productivity via

available for comparison (Figures S3 and S4; Tables 4, S2).

both plant and microbial pathways.

Overall seasonal dynamics in measured NEE were captured

Relevance is also supported by literature indicating that produc-

appropriately by CLM4.5 with and without HR. However, at US-SCf

tivity of many seasonally dry ecosystems can be limited by nutrients

(and to a lesser extent at US-Wrc), a substantial annual period of

as well as water. For example, in northern Utah sagebrush steppe,

winter CO2 efflux to the atmosphere was predicted by CLM4.5, but

primary production is limited by both water and nitrogen, and nutri-

not observed (Figure S4). Nighttime NEE was likely underestimated

ent cycling stimulated by upward HR in late summer enables sub-

by tower observations at US-SCf, as has been observed elsewhere

stantially more uptake of nitrogen by sagebrush (Cardon et al.,

(Miller et al., 2004), even when calm nights were scrubbed and data

2013). Primary production at US-Wrc can be nitrogen limited (Bink-

gap-filled. Also, modeled winter production in CLM4.5 may have

ley, 2003; Klopatek, Barry, & Johnson, 2006), and production at BR-

been over-sensitive to cold temperatures; photosynthetic CO2

Sa1 can be phosphorus limited, with strong recycling of organic

uptake has been observed to remain relatively constant as tempera-

phosphorus catalyzed by enzymes from roots and microbes (David-

tures drop from 15 to as low as 8°C at UC-SCf (Fellows & Goulden,

son et al., 2007; Keller, Kaplan, Wofsy, & Maria Da Costa, 1988;

2013), and conifers in the Pacific Northwest conduct substantial

Malhi et al., 2009; McGroddy, Silver, & de Oliveira, 2004). (Though

photosynthesis in deep winter (Waring & Franklin, 1979).

CLM4.5 has only nitrogen limitation coded into the control of GPP,

Because CLM4.5 is designed for coupling with earth system

the stimulation of microbial activity by upward HR likely could, in

models at the regional and global scales, mathematical representa-

the field, affect bacterial and fungal microbial activities improving

tions of ecosystem processes included are simpler than those in

phosphorus as well as nitrogen availability.) At US-SCf, the extent of

stand- or landscape-scale ecological models. The comparisons of

soil nutrient limitation of primary production has not been assessed,

model output and measurements included above are not meant to

but oak forests in Mediterranean climate on multiple continents tend

provide a rigorous test of CLM4.5 as a detailed ecological model.

, &
to be nutrient as well as water limited (Roda, Mayor, Sabate

Rather, the comparisons of modeled output and measurements indi-

Diego, 1999). And at semi-arid US-SRM, young mesquite (Prosopis

cate that, overall, CLM4.5 can predict process rates and pools fairly

glandulosa), a dominant at the site, is known to expend energy to

well, and in that capacity the model provides a very useful testbed

obtain most of its nitrogen from N-fixing bacterial symbionts when

for broad investigation of system-scale ideas. The idea that upward

young, but more fertile patches with higher soil nitrogen content can

HR can affect ecosystem function via soil microbial activities has

develop around the mesquite trees as they age (Geesing, Felker, &

long been in the literature (Aanderud & Richards, 2009; Caldwell

Bingham, 2000). Still, the constraint on modeled GPP (relative to the

et al., 1998; Cardon et al., 2013; Querejeta, Egerton-Warburton, &

noHR case) associated with downward HR is largely driven in

Allen, 2009). Is the alteration of microbial activity by HR large

CLM4.5+HR by nutrient limitation (Figure 4b).

enough to be ecologically relevant in very diverse (yet seasonally

The largest modeled effect of HR on NEE, however, was via a

dry) ecosystems? Empirical data quantifying HR’s effects on nutrient

surprising suppression of the spread of fire. At all sites modeled
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here, the simulated fuel load increased with HR, but inclusion of HR

role mitigating development of extreme soil water potential gradients

in the model at US-SCf, BR-Sa1, and US-Wrc resulted in reduced

and associated limitations on plant and soil microbial activities, and

spread of fire (and associated CO2 fluxes to the atmosphere) relative

may curtail the spread of fire in seasonally dry ecosystems.

to the prediction without HR. We can speculate on field mechanisms that would contribute to reduced fire spread when upward
HR is occurring. A better hydrated overstory, for example, could
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