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2 2 Soil water retention curves for Ameriflux sites 

What is a soil water retention curve? 
•  Soil moisture: 

–  How much water is in the soil? 

–  Units: Volume fraction or mass 

•  Soil water potential: 

–  How tightly is water held by soil? 

–  Units: Pressure or energy density 

•  Water retention curve describes the relationship 
between soil moisture and soil water potential 

bacteria can move along fungal hyphae (so-called fungal highways)
[13]. Also, it has been demonstrated that some bacterial strains,
have the ability to co-migrate with other bacteria along fungal
hyphae [14,15]. Fungal hyphae may thus promote the distribution
of motile bacteria in unsaturated soils.
Filamentous actinomycetes represent an exception within the

bacterial domain, providing a morphological bridge between
bacteria and filamentous fungi [8], and although they are much
smaller than fungi, their filamentous growth form could provide
similar advantages for the exploration of unsaturated soils. The
natural habitat of most actinomycetes is soil, where they typically
comprise 1 to 20% of the culturable community [16]. Streptomyces is
the most abundant genus and encompasses key players in the
decomposition of soil organic matter due to the ability to produce
a large array of extracellular enzymes such as chitinases, cellulases
and hemicellulases [17]. Streptomycetes are also known for
producing a vast array of antibiotics, some of which are valuable
in medicine and agriculture [18].
We hypothesized that actinomycetes might possess ‘‘fungal-like’’

characteristics with respect to their exploitation of less well
connected soils, thereby being able to out-compete non-filamen-
tous bacteria under low connectivity conditions. To address this
hypothesis, we investigated the competitive ability of a filamentous

bacterium (Streptomyces atratus) versus a non-filamentous Gram-
positive bacterium (Bacillus weihenstephanensis) across a series of
defined environmental conditions varying in pore size distribution,
moisture and habitat connectivity. The population sizes of the two
strains were subsequently tracked over time. In line with our
hypothesis, we predicted that Streptomyces would have a competitive
advantage under conditions of low connectivity and that Bacillus
would perform best in more well-connected habitat matrices.

Materials and Methods

Bacterial Strains
We used two soil isolates, Bacillus weihenstephanensis AW02 (NCBI

submission ID 1572885) and Streptomyces atratus AW01 (NCBI
submission ID 1572838), both isolated from the Park Grass
Experiment at Rothamsted Research, plot 3 (nil) in August 2009.
These strains were chosen because they both represent Gram
positive soil bacteria that co-occur in soil and process alternative
growth and soil exploration strategies. Both strains were isolated
from the same single soil aggregate, which was dispersed in
phosphate buffer (pH 6.5), shaken for 30 min followed by
261 min sonication. Diluted soil suspension was plated on soil
suspension agar prepared from soil taken outside the experimental
plot. The soil suspension agar was prepared by weighing 100 g air-

Figure 1. Schematic diagram of the experimental setup. Three matric potentials were combined with three sand particle size fractions with
different pore size distributions, giving a total of nine treatments. In each box, the appropriate gravimetric water content of each treatment is
indicated. Grain size, water distribution and bacterial cells (orange and purple) are indicated for illustrative purposes and are not based on actual
microscopic visualization. Habitat connectivity decreases with decreasing matric potential and increasing pore size. In well-connected soils, (e.g. the
treatments ‘‘wet’’ and/or ‘‘fine pores’’), bacterial species (orange and purple) often inhabit connected microhabitats/pore spaces, thereby allowing for
completive interactions. Under less-connected conditions (e.g. low matric potential ‘‘dry’’ and coarse pores), microhabitats are discontinuous, thereby
reducing competitive bacterial interactions.
doi:10.1371/journal.pone.0083661.g001
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Wetter soil: 
Water is easy to 
pull out of pores 

Drier soil: 
Remaining water is 
more tightly held 

More fine More coarse 

ner. In this framework, the soil’s degree of saturation over
a given period of time can be modeled as a probability den-
sity function (pdf). The derivation of the equation is
beyond the scope of this overview, although it can be found
in the references cited earlier. In this model, p(s) is the
steady-state pdf of soil moisture, which can be found using
the equations below
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In these equations, C is an integration constant. Although
it has an analytical solution, the value of C can be found by
normalizing p(s) so that
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3.4. Model application and modifications

Laio et al. [10] cautioned that two conditions need to be
fulfilled to apply the steady-state results: the climate must
be characterized by time invariant parameters throughout
the growing season, and the degree of saturation at the
start of the growing season should not be very different
than the mean steady-state condition. The first requirement
is met only for the Walker Branch and Vaira sites, which
have relatively stable climates during their growing sea-
sons. The year-round growing seasons at Tonzi and Meto-
lius complicate the modeling procedure. The second
requirement suggests that soil moisture storage is occurring
during wetter periods not in phase with the growing season.
However, the soil moisture plots for Tonzi and Vaira sug-
gest that soil water stored during winter periods does not
provide a significant amount of moisture during the dry
summer periods; the drop in soil moisture is rapid (less
than 25 days) and dramatic (around 50%). If significant
amounts of storage were occurring, the soil moisture deple-
tion would not be as rapid or as large. At Metolius, the
decline is slower, occurring over around 50 days, but no
less intense at around 70%. Storage or tapping of deep
water sources could be a significant component at this site
during days 100–175.

Laio et al. [23] also investigated seasonal variations in
potential evapotranspiration and its relationship to mean
soil moisture. They concluded that delays in the response
of the mean soil moisture to rainfall and evapotranspira-
tion forcings could limit the validity of the steady-state
solution, especially at sites with deep rooting zones and
moderate rainfall. With the exception of Walker Branch,
the sites experience low to moderate rainfall, but they do
not have active soil depths greater than 1.1 m.

To adapt the model for application at Metolius and
Tonzi sites, we developed a simple weighting method.
For example, at Tonzi, the year was divided into two parts
based on the wet and dry seasons. The wet season corre-
sponded to the winter when only grass was active, and
the early spring when the trees began to bud. The dry sea-
son occurred during summer months when only the trees
were active. The model was applied to find two different
pdfs using a separate set of parameters for each one. A
composite pdf was then created by weighting the individual
pdfs (pwet(s), pdry(s)) by the fraction of the year covered by
each season (fwet, fdry) as shown below

pðsÞ ¼ fwetpwetðsÞ þ fdrypdryðsÞ ð13Þ

We will refer to this as the quasi-steady-state model.
A two-season division was also necessary for Metolius:

one season for low potential evaporation during the winter
and another for high potential evaporation during the sum-
mer. Rainfall parameters, once adjusted for the timing of

0.0001

0.001

0.01

0.1

1

10

100

1000

0 0.2 0.4 0.6 0.8 1
Saturation

S
oi

l M
at

ri
cP

ot
en

tia
l (

M
P

a)

swsh s*

Fig. 4. Water retention curve for silt loam used to estimate the soil
parameters for the model. The matric potentials anticipated at the
hygroscopic, wilting, and stress points are known, and from the curve, the
associated degree of saturation is found.

G.R. Miller et al. / Advances in Water Resources 30 (2007) 1065–1081 1071

Miller et al. (2006, Adv. Water Res.) 
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Why is this important? 

Dry Wet 

•  Water is more tightly held in 
dry soils 

•  So, transpiration and 
photosynthesis are more 
sensitive to soil moisture as 
soil gets drier 

 
 
Fluxes at Morgan Monroe State 
Forest: 
•  Colors show VPD 
•  Lines show regression against soil 

water potential 

Sulman et al, GRL, 2016 
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Water potential is also important for microbial 
physiology and decomposition 
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Figure 2: Relative contributions of (a) air diffusion on access to O2, (b) aqueous diffusion limitation

on substrate access, (c) limiting effect of water potential on microbial activity, and (d) the combined

effect of the three factors for a soil characterized by a unimodal SWC curve shown in Figure 1.

29

Ghezzehei et al., in review, Biogeosciences (https://www.biogeosciences-discuss.net/bg-2018-265/)  

Soil moisture 
affects diffusivity: 
Microbial access to 
oxygen and 
substrates 

Soil water 
potential affects 
microbial 
physiology as soils 
get very dry 

Combined 
model includes 
both effects. 



5 5 Soil water retention curves for Ameriflux sites 

Can’t we just fit nonlinear functions for each site? 
The problem: Water retention curves change with soil properties. 
Cross-site comparisons become problematic 

bacteria can move along fungal hyphae (so-called fungal highways)
[13]. Also, it has been demonstrated that some bacterial strains,
have the ability to co-migrate with other bacteria along fungal
hyphae [14,15]. Fungal hyphae may thus promote the distribution
of motile bacteria in unsaturated soils.
Filamentous actinomycetes represent an exception within the

bacterial domain, providing a morphological bridge between
bacteria and filamentous fungi [8], and although they are much
smaller than fungi, their filamentous growth form could provide
similar advantages for the exploration of unsaturated soils. The
natural habitat of most actinomycetes is soil, where they typically
comprise 1 to 20% of the culturable community [16]. Streptomyces is
the most abundant genus and encompasses key players in the
decomposition of soil organic matter due to the ability to produce
a large array of extracellular enzymes such as chitinases, cellulases
and hemicellulases [17]. Streptomycetes are also known for
producing a vast array of antibiotics, some of which are valuable
in medicine and agriculture [18].
We hypothesized that actinomycetes might possess ‘‘fungal-like’’

characteristics with respect to their exploitation of less well
connected soils, thereby being able to out-compete non-filamen-
tous bacteria under low connectivity conditions. To address this
hypothesis, we investigated the competitive ability of a filamentous

bacterium (Streptomyces atratus) versus a non-filamentous Gram-
positive bacterium (Bacillus weihenstephanensis) across a series of
defined environmental conditions varying in pore size distribution,
moisture and habitat connectivity. The population sizes of the two
strains were subsequently tracked over time. In line with our
hypothesis, we predicted that Streptomyces would have a competitive
advantage under conditions of low connectivity and that Bacillus
would perform best in more well-connected habitat matrices.

Materials and Methods

Bacterial Strains
We used two soil isolates, Bacillus weihenstephanensis AW02 (NCBI

submission ID 1572885) and Streptomyces atratus AW01 (NCBI
submission ID 1572838), both isolated from the Park Grass
Experiment at Rothamsted Research, plot 3 (nil) in August 2009.
These strains were chosen because they both represent Gram
positive soil bacteria that co-occur in soil and process alternative
growth and soil exploration strategies. Both strains were isolated
from the same single soil aggregate, which was dispersed in
phosphate buffer (pH 6.5), shaken for 30 min followed by
261 min sonication. Diluted soil suspension was plated on soil
suspension agar prepared from soil taken outside the experimental
plot. The soil suspension agar was prepared by weighing 100 g air-

Figure 1. Schematic diagram of the experimental setup. Three matric potentials were combined with three sand particle size fractions with
different pore size distributions, giving a total of nine treatments. In each box, the appropriate gravimetric water content of each treatment is
indicated. Grain size, water distribution and bacterial cells (orange and purple) are indicated for illustrative purposes and are not based on actual
microscopic visualization. Habitat connectivity decreases with decreasing matric potential and increasing pore size. In well-connected soils, (e.g. the
treatments ‘‘wet’’ and/or ‘‘fine pores’’), bacterial species (orange and purple) often inhabit connected microhabitats/pore spaces, thereby allowing for
completive interactions. Under less-connected conditions (e.g. low matric potential ‘‘dry’’ and coarse pores), microhabitats are discontinuous, thereby
reducing competitive bacterial interactions.
doi:10.1371/journal.pone.0083661.g001

Soil Connectivity & Bacterial Growth Strategies

PLOS ONE | www.plosone.org 2 December 2013 | Volume 8 | Issue 12 | e83661

Wolf et al., PLoS ONE, 2013 
ROSETTA/HYDRUS simulations (Jing Yan) 
ROSETTA: Schaap et al., 2001 
HYDRUS: Simunek et al., 2005 

Fine 

Coarse 

So
il te

xtu
re

 

Fine Medium Coarse 

W
e

t 
In

te
rm

e
d

ia
te

 
D

ry
 



6 6 Soil water retention curves for Ameriflux sites 

Changes with soil types: 
Transpiration 

HYDRUS simulations 
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HYDRUS simulations 

Changes with soil types: 
Transpiration 
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Changes with soil types: 
Transpiration 

HYDRUS simulations 



9 9 Soil water retention curves for Ameriflux sites 

Relationship with water potential is more linear and has 
consistent change points 
(but does not work as well for sandy soils) 

Changes with soil types: 
Transpiration 
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Figure 11: Textural effect on moisture sensitivity

37

Different soil textural classes have very different soil 
moisture thresholds for decomposition as they dry 

Soil water potential (kPa) Soil moisture (fraction of saturation) 

R
e

la
tiv

e
 m

o
ist

u
re

 s
e

n
sit

iv
ity

 
G

h
e

zze
h

e
i e

t a
l., in

 re
visio

n
, Bio

g
e

o
sc

ie
n

c
e

s 

Changes with soil types:  
Soil respiration 



11 11 Soil water retention curves for Ameriflux sites 

Index

R
el

at
ive

 R
at

e

105 104 103 102 101 100 10−1
0.0

0.2

0.4

0.6

0.8

1.0

Sand 
L Sand 
S loam 
Loam 
Si Loam 
Silt 

C Loam 
S C Loam 
Si C Loam 
S Clay 
Si Clay 
Clay 

κa.min = 0.2(a)

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

1.0 κa.min = 0.2(b)

Index

R
el

at
ive

 R
at

e

105 104 103 102 101 100 10−1
0.0

0.2

0.4

0.6

0.8

1.0

R
el

at
ive

 M
oi

st
ur

e 
Se

ns
iti

vi
ty

 (E
q 

12
), 

 K
(θ

, ψ
) [
−]

Matric Potential,  −ψ [kPa]

κa.min = 0.8(c)

Fi
el

d 
C

ap
ac

ity

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

1.0

Relative Saturation,  θ φ [−]

κa.min = 0.8(d)

Figure 11: Textural effect on moisture sensitivity

37

Different soil textural classes have very different soil 
moisture thresholds for decomposition as they dry 
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How can we estimate soil 
water retention curves? 
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Maybe we don’t have to! 
Water retention curves are in BADM already! 
  Great, the job is done! 

How many sites out of 355 in the all-site BADM data sheet provide 
water retention curve data? (As far as I could find) 
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The more expensive, more accurate way 
Laboratory measurements 

•  Accurate from -5 – -300 MPa 
•  5-10 minute measurement time for 

most samples 

Dew point hydrometer 

Pressure plates 
•  Applies pressure to sample and squeezes out water held at less than 

that pressure 
•  Often used to calibrate secondary methods 
•  Time consuming: requires separate measurement for each point on 

curve and can require days per measurement 

P
hoto by Landcare R

esearch 

Disadvantage: Requires 
specialized equipment 
and expertise, and a 
series of delicate 
measurements for every 
site. 

HYPROP:  
•  Automated tensiometer 

measurements 
•  Wetter end of the curve 
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The cheaper, (probably) less accurate way 

ner. In this framework, the soil’s degree of saturation over
a given period of time can be modeled as a probability den-
sity function (pdf). The derivation of the equation is
beyond the scope of this overview, although it can be found
in the references cited earlier. In this model, p(s) is the
steady-state pdf of soil moisture, which can be found using
the equations below

pðsÞ ¼

C
gw

s$sh
sw$sh

! "k0ðsw$shÞ
gw

$ 1

e$cs

if sh < s 6 sw

C
gw

1þ ð g
gw
$ 1Þ s$sw

s&$sw

! "h ik0ðs&$swÞ
g$gw

$1

e$cs

if sw < s 6 s&

C
g e$csþk0ðs$s&Þ

g g
gw

! "k0ðs&$sw Þ
g$gw

if s& < s 6 sfc

C
g e$ðbþcÞsþbsfc gebs

ðgmÞebsfcþmebs

! " k0
bðg$mÞþ1

g
gw

! "k0ðs&$swÞ
g$gw e

k0ðsfc$s&Þ
g

if sfc < s 6 1

8
>>>>>>>>>>>>>>>>>>>>><

>>>>>>>>>>>>>>>>>>>>>:

ð5Þ

where

gw ¼
Ew

nZr
ð6Þ

g ¼ Emax

nZr
ð7Þ

m ¼ K s

nZrðebð1$sfcÞ $ 1Þ ð8Þ

b '
ln 0:1Emax

K s

! "

ln sfcð Þ
ð9Þ

c ¼ nZr

a
ð10Þ

k 0 ¼ ke$
D
a ð11Þ

In these equations, C is an integration constant. Although
it has an analytical solution, the value of C can be found by
normalizing p(s) so that

Z 1
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3.4. Model application and modifications

Laio et al. [10] cautioned that two conditions need to be
fulfilled to apply the steady-state results: the climate must
be characterized by time invariant parameters throughout
the growing season, and the degree of saturation at the
start of the growing season should not be very different
than the mean steady-state condition. The first requirement
is met only for the Walker Branch and Vaira sites, which
have relatively stable climates during their growing sea-
sons. The year-round growing seasons at Tonzi and Meto-
lius complicate the modeling procedure. The second
requirement suggests that soil moisture storage is occurring
during wetter periods not in phase with the growing season.
However, the soil moisture plots for Tonzi and Vaira sug-
gest that soil water stored during winter periods does not
provide a significant amount of moisture during the dry
summer periods; the drop in soil moisture is rapid (less
than 25 days) and dramatic (around 50%). If significant
amounts of storage were occurring, the soil moisture deple-
tion would not be as rapid or as large. At Metolius, the
decline is slower, occurring over around 50 days, but no
less intense at around 70%. Storage or tapping of deep
water sources could be a significant component at this site
during days 100–175.

Laio et al. [23] also investigated seasonal variations in
potential evapotranspiration and its relationship to mean
soil moisture. They concluded that delays in the response
of the mean soil moisture to rainfall and evapotranspira-
tion forcings could limit the validity of the steady-state
solution, especially at sites with deep rooting zones and
moderate rainfall. With the exception of Walker Branch,
the sites experience low to moderate rainfall, but they do
not have active soil depths greater than 1.1 m.

To adapt the model for application at Metolius and
Tonzi sites, we developed a simple weighting method.
For example, at Tonzi, the year was divided into two parts
based on the wet and dry seasons. The wet season corre-
sponded to the winter when only grass was active, and
the early spring when the trees began to bud. The dry sea-
son occurred during summer months when only the trees
were active. The model was applied to find two different
pdfs using a separate set of parameters for each one. A
composite pdf was then created by weighting the individual
pdfs (pwet(s), pdry(s)) by the fraction of the year covered by
each season (fwet, fdry) as shown below

pðsÞ ¼ fwetpwetðsÞ þ fdrypdryðsÞ ð13Þ

We will refer to this as the quasi-steady-state model.
A two-season division was also necessary for Metolius:

one season for low potential evaporation during the winter
and another for high potential evaporation during the sum-
mer. Rainfall parameters, once adjusted for the timing of
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Fig. 4. Water retention curve for silt loam used to estimate the soil
parameters for the model. The matric potentials anticipated at the
hygroscopic, wilting, and stress points are known, and from the curve, the
associated degree of saturation is found.

G.R. Miller et al. / Advances in Water Resources 30 (2007) 1065–1081 1071

A recent example Ameriflux application:  
Miller et al. (2006, Adv. Water Res.) calculated 
water retention curves for four Ameriflux sites 
using ROSETTA 

Field-calibrated pedotransfer functions and models 

ROSETTA model (Schaap et al., 2001) 
Calculates pedotransfer functions at different levels 
of accuracy depending on data availability: 
•  Textural class (lookup table) 
•  Sand/silt/clay % (neural network) 
•  Sand/silt/clay + bulk density 
•  Sand/silt/clay, BD, SOM content 
 
Many sites do report these soil properties in BADM! 

Disadvantage: Fundamentally a 
model-based approach. May be 
inaccurate at site-specific level. 
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)368,9&% "6,'/ C,:&9&8= *5& %)8&2* >*( ,'#+ 1)9&
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2,'*87(*= *5& N4;( 78& ("66,(&% *, !& 97#)% -,8 *5&
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Schaap et al., 2001 
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What is the best path forward? 

•  I hope I have convinced you that determining water retention 
curves is worth the trouble 

• Quick, low investment, lower accuracy:  
–  Use ROSETTA model and BADM soil properties to estimate curves 
–  These could be released as an ancillary Ameriflux network dataset 

• Long-term, higher investment, high accuracy:  
–  Measure soil water retention curves in the laboratory as part of 

Ameriflux Management Project site support 
–  Could require new equipment and expertise 
–  High potential benefit for cross-site comparisons and scientific 

community 

What do you think? 
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