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Anaerobics increase resistance to gas transport and microbial activity in flooded soils.
This may result in the presence of aerenchyma in the roots of some wetland plants.
Increased aerenchyma airspaces enable oxygen to be transported from the above-
ground plant parts to the submerged roots and rhizosphere. Nevertheless, there is
still a lack of studies linking field experiments and eco-hydrological modeling to the
parameterization of the physiological responses of typical wetland plant species to
natural flooding events. Furthermore, from the modeling perspective, the contribution
of aerenchyma was not sufficiently considered. The goal of this study was to develop
and apply an eco-hydrological model capable of simulating various patterns of plant
physiological responses to natural flooding events based on key processes of root
oxygen diffusion and aerenchyma functioning in a variably-saturated wetland soil
environment. Eco-hydrological experiments were conducted accordingly, with surface
water level, root-zone soil water content, soil temperature, leaf net photosynthesis
rate and root morphology monitored simultaneously in situ at a site dominated by
meadow species Deyeuxia angustifolia (Kom.) Y. L. Chang and invaded shrub species
Salix rosmarinifolia Linn. var. brachypoda (Trautv.et Mey.) Y.L. Chou in a typical natural
floodplain wetland. The results are as follows: (1) Root oxygen respiration rates are
strongly correlated with leaf net photosynthesis rates of the two plant types, particularly
under flooding conditions during the growing season; (2) Meadow species with a
preference for wet microhabitats has a competitive advantage over first-year invading
shrub species during flooding events; and (3) an aerenchyma sub-model could improve
the eco-hydrological model’s accuracy in capturing plant physiological responses.
These findings have the potential to contribute to the management of wetland and
its restorations.

Keywords: soil water dynamics, riparian habitat, inland wetlands, flooding, photosynthesis, root oxygen
respiration
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INTRODUCTION

Along flooding gradients, plant zonation is widely observed and
extensively described (Ewing, 1996; Zhou et al., 2009, 2013;
Kirwan and Guntenspergen, 2015; Pedersen et al., 2017; Haak
et al., 2017; Wright et al., 2017). Typically, plant zonation is
attributed to differences in flood tolerance, more specifically,
the ability of plants to tolerate hypoxic rooting conditions
(Armstrong et al., 1994; Reddy and DeLaune, 2008). The
hydrological regime, particularly the dynamics of the water
table due to seasonal flooding, has an effect on soil features
by regulating the area and duration of saturation (Rubol et al.,
2012), which indicates the occurrence and intensity of anaerobic
soil conditions. The primary constraint imposed by flooding on
wetland plants is the exchange of gas. In flooded soils, anaerobics
improve resistance to gas transportation and microbial activities.
This could occur in a matter of hours in freshly flooded soils.
The impact could also be accelerated at high temperatures
(Armstrong et al., 2000).

Seasonal flooding tolerance is characterized by distinct
physiological features include, among others, leaf net
photosynthesis rate (LNPR) (Pezeshki, 2001; Dalmagro et al.,
2016), aerenchyma abundance (Laan et al., 1989; Wright et al.,
2017), and root oxygen respiration (Armstrong et al., 2019). The
amount of internal oxygen in plants depends both on the root
respiration rate and the soil microbe respiration (Kumari and
Gupta, 2017). Root oxygen respiration is crucial for maintaining
vital physiological and metabolic pathways (Glenz et al., 2006),
particularly in wetland plants. Leaf photosynthesis is a critical
physiological activity because it directly reflects the ability
of growth and nutrient absorption (Lai et al., 2012; Pezeshki
et al., 2018). It was found that a significant portion of the
oxygen diffusing to the roots during the day may originate from
photosynthetic activity (Evans, 2004). Typically, photosynthesis
is a major source of oxygen for plants and rhizosphere in
submerged species (Jackson and Armstrong, 1999). Submergence
of photosynthetically active organs hinders the immediate supply
of photosynthetically generated oxygen to the roots (Armstrong
et al., 2019), as well as significant fluctuations in radial oxygen
loss (ROL), which has a direct impact on the sediment oxidation
(Waters et al., 1989; Pedersen et al., 1995, 2017). Aerenchyma acts
as a conduit for oxygen in the root system, which is critical for
wetland plants to survive in anoxic conditions (Armstrong et al.,
1991). Through aerenchyma, oxygen needed by wetland plants
can be transported from the above-ground plant parts to the
rhizosphere of the submerged roots. Numerous wetland plants’
roots contain a barrier that prevents oxygen from diffusing into
the basal zones, thereby increasing longitudinal oxygen diffusion
along the aerenchyma toward the root tips (Armstrong et al.,
2000; Colmer, 2003), and ensuring oxygenation in the aerobic
zone surrounding the growing tips (Striker et al., 2007). It is
now widely accepted that the aerenchyma can act as ecological
engineers by conferring the capacity to tolerate soil saturation
(Jones et al., 1994; Booth and Loheide, 2010). Above all, fine root
traits, specifically the aerenchyma, can be used to evaluate the
wetland plants’ functional characteristics to adapt to flooding
stress (Purcell et al., 2019). However, from the eco-hydrological

modeling perspective, the contribution of aerenchyma was not
sufficiently considered.

To date, the effect of hydrology and soil physics on plant
physiological responses to flooding has been investigated most
extensively under controlled experimental conditions (DeLaune
et al., 1990; Casanova and Brock, 2000; Hough-Snee et al., 2015;
Kirwan and Guntenspergen, 2015; Byun et al., 2017; Zhang et al.,
2019). While the effects of seasonal flooding on a few species
under specific conditions have been determined in controlled
experiments, the ability of wetlands plants to survive in natural
settings was not extensively reported. It has been reported that
plant communities with greater diversity in natural conditions
are commonly more resistant to environmental disturbances
and can respond positively to some mild flooding events than
plants grown in monoculture or under controlled conditions
(Reich et al., 2001; Isbell et al., 2015; Wright et al., 2015; Fischer
et al., 2016; Cesarz et al., 2017). The majority of field studies on
the interactions between abiotic factors and plant physiological
responses have been conducted in salt marshes with low species
diversity (Pezeshki et al., 1987; Pezeshki, 1998; Abou Jaoudé
et al., 2012; Watson et al., 2015; Yan et al., 2018). Few model
studies on the relationships between abiotic features and plant
physiological responses have been conducted in natural inland
seasonal flooding wetlands, but little is known about the root
oxygen respiration rate (RORR) and aerenchyma functioning of
typical wetland plants (Zhou et al., 2016; Pezeshki et al., 2018).
Furthermore, there is still a need for a systematic method to
link field experiments and eco-hydrological modeling to improve
the parameterization of the physiological responses of typical
wetland plant species to natural flooding events. Understanding
the plant physiological responses enables us to gain insight into
the functional characteristics of seasonal wetland environments.
This may be especially important for natural floodplain wetlands,
where the social and ecological importance is extremely high,
while being seriously affected by drainage and reclamation with
an estimated 95 km2/year loss globally (Coleman et al., 2008).

This study aims to bridge the above-mentioned research gap
by deploying a process-based eco-hydrological model and in-
situ field experiments, applied to a natural floodplain wetland
located in northeastern Heilongjiang Province, China. A site-
scale eco-hydrological experiment was conducted in No.139
Monitoring Transect (EMT-139) of Honghe National Nature
Reserve (HNNR) to compare the response patterns of two typical
wetland plants to a natural flooding process. The LNPRs of
flood-tolerant meadow species Deyeuxia angustifolia (Kom.) Y.
L. Chang (MeS) and invading shrub species Salix rosmarinifolia
Linn. var. brachypoda (Trautv.et Mey.) Y.L. Chou (ShS) were
monitored in relations to the flooding regimes, root-zone
soil moisture content (RZ-SWC), soil temperature (ST), and
soil physio-chemical variables. Furthermore, a process-based
eco-hydrological model specifically for calculating RORR was
proposed for simulating plant physiological responses to natural
flooding events. The following three hypotheses were tested: 1.
The MeS with a preference for wet habitats has a competitive
advantage over first-year invading ShS during flooding events; 2.
The RORR is strongly correlated with the LNPR of the two plant
types, particularly under flooding conditions during the growing
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season; and 3. The aerenchyma sub-model may improve the
eco-hydrological model’s performance in accurately capturing
the physiological dynamics of the plants in responses to natural
flooding events.

MATERIALS AND METHODS

Study Area
The Sanjiang Plain is a cool temperate continental climate region
with the most extensive and concentrated aquatic habitats in
China, including freshwater marshes, marshy meadows, shrubs,
forests, etc. (Zhou et al., 2009; Niu et al., 2012). The HNNR
is located northeast of the Sanjiang Plain in Heilongjiang
Province (47◦42′18′′–47◦52′00′′ N, 133◦34′38′′ –133◦46′29′′ E).
The HNNR is designated as a Ramsar Wetland of International
Importance (Gardner and Davidson, 2011). It is well-known
for the Sanjiang Plain’s “unique gene pool of wildlife” (Zhou
et al., 2013). This wetland is 251 square kilometers in size. The
annual precipitation averages 579.3 millimeters, while annual
evaporation averages 1,166 mm. Between July and September,
approximately 50–70% of the precipitation occurs. Each year,
for more than 5 months, the soils freeze to depths of 160–180
cm (Li et al., 2011). Seasonal flooding is prevalent in the EMT-
139 (Figure 1), resulting in a varying hydrological gradient that
is either fully saturated, seasonally saturated, or unsaturated. In
the EMT-139, two typical wetland plant types, the MeS and ShS,

were compared and analyzed. The MeS is widespread wetland
plant species in the Sanjiang Plain. It can survive and thrive
under a variety of soil and water conditions. The MeS usually
sparsely covered with shrubs, maintaining an open character. The
ShS is also native plant community to certain marshy areas in
the Sanjiang Plain and is well-adapted to dry soil conditions.
However, when moisture levels in the upper soil layers are low
due to insufficient rainfall and flooding, the local habitat becomes
ideal for the ShS, allowing it to expand extensively. In the EMT-
139, growing season in the year 2017 was marked by the invasion
of the ShS over MeS.

Eco-Hydrological Modeling Framework
The eco-hydrological model building process is depicted in
Figure 2. To begin, we simulated the root zone soil water content
(RZ-SWC) of the MeS and ShS in the variably-saturated soil
column. By comparing the soil water retention curve, the RZ-
SWC, and the moisture at which capillary bonds rupture, the
effective soil layers for the main growing root tips were identified.
The optimal soil layer for the MeS root growth was found to be
between 10 and 20 cm (Zhang et al., 2015), whereas the optimal
soil layer for the ShS was between 30 and 40 cm (Blume-Werry
et al., 2019). The second stage involved calculating the oxygen
concentration in bulk soil at the macroscale using the simulated
RZ-SWC from step 1 (Cook, 1995; Bartholomeus et al., 2008).
The third step was to calculate oxygen concentration at the outer

FIGURE 1 | Eco-hydrological experiments in an eco-hydrological monitoring transect (EMT-139) along a seasonal river in the HNNR in Heilongjiang Province, China.
Observation B depicts the experimental transects established in the year 2011 (Li et al., 2011). In-situ eco-hydrological monitoring experiments were conducted
continuously along this transect between the year 2011 and 2020. The observation matrix (red dots) covered the multi-layers’ root-zone soil water contents
(RZ-SWCs) at the transitional zone, whereas the observation matrix (blue dots) represented the in-situ monitoring of the surface water level (SWL) of the seasonal
Nongjiang River; The observation matrix (white dot) represented the check observations of the RZ-SWCs. Observation A illustrates the detailed eco-hydrological
monitoring of each PFT on a site by site basis, which included in-situ monitoring of the leaf net photosynthesis rate (LNPR), RZ-SWC, SWL, and soil temperature
(ST), as well as root and soil sampling of the meadow species (MeS) and shrub species (ShS).
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FIGURE 2 | The model framework of the present study (building process of the eco-hydrological model). Gray-colored boxes underlines the data from field
experiments.

edge of the water-film adjacent to the root from macroscale to
microscale. Following step 3, a new root aerenchyma model was
developed in step 4 to account for the microscale physiological
function of aerenchyma during flooding events. Finally, based
on Bartholomeus et al. (2008), we simulated the RORR-MeS and
RORR-ShS at the microscale, evaluated the biotic and abiotic
parameter sensitivities of the new model, and investigated the link
between the RORR and LNPR.

Root Zone Soil Water Content
The RZ-SWCs of the MeS and ShS were quantitatively simulated
by solving the Richards Equation in the variably-saturated
wetland soil environment using the USDA Salinity Laboratory’s
HYDRUS1D software (Simunek et al., 2005). The top 10 cm soil
layer was defined as the organic surface layer (Bai et al., 2005),
which contains finely divided organic matter and dead roots.
This layer is in direct contact with the hydro-meteorological
conditions at the surface and mineral soil layers beneath. Thus, in
the parameterization scenario, the upper boundary condition was
set to the variable pressure head, while the bottom layer was set
to the variable flux. The model domain was extended to a depth
of one meter, and a simulation period from 24 June to 1 October
2017 with a time step of 1 day.

Root Oxygen Respiration Rate
At the macroscale, microbial and root respiration were defined
as two separate sink terms in the soil columns. Each term was
defined using a reference value at z = 0 (Rmicrobial_z0 and Rroot_z0
(kg O2 m−3 d−1 soil) and an exponential shape factor [Zmicrobial
and Zroot (m)] (Cook, 1995; Bartholomeus et al., 2008). The
equilibrium was assumed to be achieved at soil depth z (m) in

wetland soils. The oxygen concentration Cbulksoil in the gas phase
at soil depth z was calculated as follows under both flooding and
non-flooding conditions:

Cbulksoil = C(atm,fw)−

(
Z2

microbial ·
Rmicrobial_z0

Dsoil

)
(

1−exp
(
−

z
Zmicrobial

))
−

(
Z2

root ·
Rroot_z0

Dsoil

)
(

1−exp
(
−

z
Zroot

))
(1)

where C(atm,fw) is used to express the oxygen concentration
(kg O2 m−3 d−1 soil) in the atmosphere or flooding water,
respectively. Dsoil is the mean diffusivity of the soil (m2 d−1).

Microbial respiration varies due to soil water dynamics and
soil temperature, therefore the volumetric microbial respiration
rates Rmicrobial (kg O2 m−3 soil d−1) in the bulk soil were
expressed as:

Rmicrobial = Rmicrobial_z0exp (−z/Zmicrobial) (2)

Rmicrobial_z0 = µβf ϕQ
(Tsoil−Tref )/10
10_microbial (3)

where µ is organic carbon content of the soil (kg C m−3 soil), β

is vegetation dependent respiration rate (kg O2 kg−1 C d−1), fϕ
is the factor which represents the reduction of microbial activity
due to soil moisture availability (Probert et al., 1998; Arora,
2003), Tsoil is soil temperature (K) at certain depth (m), Tref
is reference temperature (K), Q10_microbial is relative increase in
microbial respiration.
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The oxygen concentration at the outer edge of the water-
film Cwfedge and the gas phase of the adjacent soil Cbulksoil were
considered to be in equilibrium, thus the macro-to-microscale
transformation was as follows:

Cbulksoil = Cwfedge/αB (4)

where αB is the Bunsen solubility coefficient for oxygen (m3 gas
m−3 liquid) (Weiss, 1970).

At the microscale, the total water-film respiration rate rwaterfilm
of a cylindrical root was calculated as follows:

rwaterfilm = rwaterfilm_z0exp(−z/Zmicrobial) (5)

rwaterfilm_z0 = 0.5 (µA) βQ
(Tsoil−Tref )/10
10_microbial (6)

where Tsoil (◦C) is the soil temperature at certain soil depth, A
is the area of the water-film cross-section (m2). The cylindrical
root oxygen respiration rate (µmol m−2 s−1) at the micro-scale
were calculated (Lemon and Wiegand, 1962; De Willigen and Van
Noordwijk, 1984; Bartholomeus et al., 2008) as follows:

rcylin_root

=
4πCwfedgeDwaterfilm−rwaterfilm + 2rwaterfilmlog(1 + R2)

10 M R1
R2

1 + R1log(1+R2)
10

(7)

where M = (1R2)
2 (2R2), R1 = Droot/Dwaterfilm,

R2 = WFTwaterfilm/RSroot . WFTwaterfilm is the water-
film thickness (m), RSroot is the root radius (m) of the
cylindrical root, Dwaterfilm is the diffusivity of the water-film
(m2 d−1). For a detailed definition and description of the
equations and parameters used in the RORR simulation, please
refer to Bartholomeus et al. (2008).

Root Aerenchyma
Upon soil waterlogging, oxygen transports through the gas
conducting tissue (inducible and secondary aerenchyma) can
occur via simple diffusion or pressure flow (Armstrong et al.,
2000; Evans, 2004). In aerenchyma, oxygen is transported via
diffusion through the pipe to the root tips. In this model, the
cylindrical root’s aerenchyma pipe structure was treated as a
circular truncated cone (CTC) by summing up the volumes of
all the individual aerenchyma pipes. The oxygen concentration
in the aerenchyma is maintained at a constant level. Increased
aerenchyma volume ratio during soil emergence in flooding-
tolerant meadow and first-year invading shrub could, above all,
correspond to increased oxygen respiration rates per unit time.

According to Montagnoli et al. (2019), volume variation of
aerenchyma Paerenchyma_(MeS, ShS) of both plant types under non-
flooding and flooding conditions can be expressed as follows:

Paerenchyma_(MeS,ShS) =
VF

VNF
=

R2
F + RF · rF + r2

F
R2

NF + RNF · rNF + r2
NF

(8)

where, VF and VNF are the aerenchyma volumes (m3) under
flooding and non-flooding conditions, respectively. RF and rF
indicate lower and upper bases of the CTC under flooding
conditions (m), while RNF and rNF are the lower and upper bases
of the CTC under non-flooding conditions (m). Paerenchyma was
determined using data from greenhouse experiments (Maricle
and Lee, 2002), in which the amount of aerenchyma along
the lengths of roots was determined under flooding and non-
flooding conditions.

Following submergence, an out cortex ROL barrier with
a length ratio Barrier(MeS, ShS)

Length(MeS, ShS)
formed accordingly. Therefore,

available oxygen to cultivate root tips was formulated at an update
ratio R(MeS, ShS) :

R(MeS,ShS) =
Length(MeS,ShS)

Length(MeS,ShS)−Barrier(MeS,ShS)
(9)

However, in comparison with the MeS, the ROL barrier in
roots of ShS was inadequate. This resulted in the insufficient
oxygen transport to root tips during flooding, thereby poor
oxygenation of the rhizosphere zone (Blom, 1999). According to
ROL experiment results in Watanabe et al. (2017) and Yamauchi
et al. (2018), the Barrier(MeS,ShS)

Length(MeS,ShS)
after flooding were set to 0.625,

0.325 in the present study, respectively.
All in all, the contribution rate CARFlooding of both

aerenchyma and the ROL on the RORRs during flooding can be
formulated as follows:

CARFlooding_MeS = Paerenchyma_MeSQ
(Tsoil_MeS−Tref )/10
10_aerenchyma_MeSexp(RMeS)

(10)

CARFlooding_ShS = Paerenchyma_ShSQ
(Tsoil_ShS−Tref )/10
10_aerenchyma_ShS (11)

where, Q10_aerenchyma_(MeS,ShS) is the rate of relative increase
in aerenchyma activity intensity with a temperature increase
of 10◦C, with values of 1.1 and 1.2 for the MeS and ShS,
respectively. In the current study, this indicates the increased
respiration intensity induced due to increases in soil and
rhizosphere temperature.

Eco-Hydrological Experiments in the
No.139 Monitoring Transect
The shrub encroachment in the year 2017 was driven by
the colonization of Salix rosmarinifolia Linn. var. brachypoda
(Trautv.et Mey.) Y.L. Chou into former meadow areas. Current
study categorized Deyeuxia angustifolia (Kom.) Y. L. Chang
and Salix rosmarinifolia Linn. var. brachypoda (Trautv.et Mey.)
Y.L.Chou into two plant functional types (PFTs): flood-tolerant
meadow and first-year invading shrub. This classification system
can be used to evaluate the physiological response of two
representative plant types in the EMT-139 to seasonal flooding
events. For each PFT, 10 samples were randomly selected that
appeared to be healthy in appearance and stood approximately
60 cm high for the MeS and 130 cm high for the ShS. For each
sample, the LNPR was measured daily with the CI-340 Handheld

Frontiers in Ecology and Evolution | www.frontiersin.org 5 April 2022 | Volume 10 | Article 721244

https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles


fevo-10-721244 April 8, 2022 Time: 18:1 # 6

Liu et al. Physiological Responses to Flooding Events

Photosynthesis System (CID Bio-Science, Inc., United States)
during the early to mid-morning hours. Young leaves of each
sample were placed into the leaf chamber and the measurement
results were recorded when the screen displayed a stable value,
which typically took 2–5 min. On 16 September 2017, four
individual plants of each PFT were harvested (above- and below-
ground). We used the data collected during this period because
the plant’s maximum biomass occurs during this vegetative stage.
The entire root systems were carefully harvested and rinsed with
tap water, and the fresh mass was recorded. The root systems
were oven-dried for 48 h at 65◦C and then weighed. Sections of
the fresh root system were carefully separated from each species
and scanned immediately at a resolution of 600 dpi with a flat-
bed transparent lighting system using an Expression 10000 XL
3.49 scanner (Epson Telford Ltd., United Kingdom). WinRHIZO
Pro2012b software (Regent Instruments, Inc., Canada) was used
to analyze the root images for the average diameter (mm),
specific root length (SRL, m g−1), and specific root area (SRA,
cm3 g−1), etc. The root total organic carbon (TOC, g kg−1) and
total nitrogen (TN) (ROC, g kg−1) were then measured with a
Nitrogen analyzer multi N/C 2100 (Analytik Jena AG, Germany)
using a dry combustion method.

Hydrological experiments in the EMT-139 measured the basic
hydrological conditions for plants across the growing season.
Simultaneous measurements of precipitation, surface water, and
soil water content were made. It contains surface water level
(SWL) (m), multi-layer RZ-SWCs (volume moisture content,
cm3/cm3), micrometeorological variables, and determination of
soil water retention curve from 24 June 2017 to 1 November 2017.
Odyssey capacitance water level loggers (Dataflow Systems Ltd.,
New Zealand) were installed in eight PVC pipes (AW1-AW4,
BW1- BW4) to monitor the actual SWL along the Nongjiang
River’s cross section in the EMT-139 (Figure 1). The RZ-SWCs
were measured using a Delta-T Devices PR2 profile probe (Delta-
T Devices Ltd., United Kingdom). The instrument was one meter
in length and was placed into thin wall-mounted tubes with
sensor pairs at 10, 20, 30, 40, 60, and 100 cm depth. There were
24 PR2 sites in the EMT-139 and the RZ-SWCs were measured
manually. The WatchDog 2000 Series Weather Station (Spectrum
Technologies, Inc., United States) was installed in the central part
of the EMT-139. Since June 2017, microclimate data series had
been recorded every 6 h, which contained precipitation, wind
speed, air temperature, air humidity, solar radiation, etc. Water
retention curve is a critical soil hydraulic characteristic that must
be considered when solving soil water flow equations (Zeng
et al., 2011). The water potential of soil samples was determined
using the WP4C Soil Water Potential Lab Instrumentation
(METER Group, Inc., United States). By using RETC software
(Salinity Laboratory, USDA), the Van Genuchten equation (Van
Genuchten, 1980) was fitted to the measured RZ-SWCs and soil
matric potential data (Table 1).

Data Analyses
The simulated RZ-SWC values by HYDRUS1D were compared
to those measured in-situ in EMT-139. The Relative Root
Mean Square Error (RRMSE) (Zeng, 2013) and coefficient
of determination (R2) were used to evaluate the simulation TA

B
LE

1
|M

ea
su

re
d

so
il

ph
ys

ic
al

an
d

ch
em

ic
al

pr
op

er
tie

s
an

d
ro

ot
m

or
ph

ol
og

y
w

ith
in

th
e

ob
se

rv
at

io
n

si
te

s
in

th
e

E
M

T-
13

9.

P
la

nt
ty

p
e

S
o

il
d

ep
th

S
o

il
hy

d
ra

ul
ic

p
ar

am
et

er
sa

S
o

il
ch

em
ic

al
p

ro
p

o
rt

ie
sb

B
io

m
as

s
(d

ry
w

ei
g

ht
)

R
o

o
t

m
o

rp
ho

lo
g

yc

E
M

T-
13

9
(c

m
)

θ
s

(c
m

3
cm

−
3
)

θ
r

(c
m

3
cm

−
3
)

α
(c

m
−

1
)

N
(−

)
K

s
(m

m
d

ay
−

1
)

T
N

(g
kg

−
1
)

T
C

(g
kg

−
1
)

S
O

C
(g

kg
−

1
)

A
b

o
ve

g
ro

un
d

(g
)

R
o

o
t

(g
)

S
R

L
(m

g
−

1
)

S
R

A
(c

m
3
g

1
)

M
eS

0–
10

0.
76

0.
13

0.
04

1.
27

31
81

.6
0

13
.4

3
12

8.
43

22
1.

42
1.

07
0.

09
28

.0
3

36
2.

34

10
–2

0
0.

54
0.

10
0.

02
1.

34
25

7.
60

5.
15

15
.7

8
63

.5
7

20
–3

0
0.

49
0.

10
0.

02
1.

30
10

3.
80

3.
31

8.
86

21
.2

4

30
–5

0
0.

46
0.

10
0.

02
1.

28
62

.5
0

2.
25

3.
65

10
.7

8

50
–7

0
0.

47
0.

10
0.

02
1.

24
77

.7
0

2.
08

2.
53

4.
35

70
—

-1
00

0.
46

0.
10

0.
02

1.
21

63
.4

0
1.

67
1.

58
2.

72

S
hS

0–
10

0.
68

0.
12

0.
02

1.
31

17
08

.9
0

6.
31

71
.0

5
12

2.
48

7.
57

3.
20

3.
63

49
.2

4

10
–2

0
0.

58
0.

11
0.

02
1.

33
56

5.
90

1.
97

14
.2

5
38

.4
2

20
–3

0
0.

50
0.

10
0.

01
1.

39
15

1.
20

2.
20

3.
62

24
.5

7

30
–5

0
0.

44
0.

09
0.

01
1.

32
44

.1
0

1.
97

4.
04

6.
96

50
–7

0
0.

44
0.

10
0.

02
1.

21
49

.8
0

2.
01

4.
02

6.
93

70
–1

00
0.

45
0.

10
0.

02
1.

23
60

.4
0

2.
33

4.
60

7.
93

a
S

oi
lh

yd
ra

ul
ic

pa
ra

m
et

er
s

of
Va

n
G

en
uc

ht
en

eq
ua

tio
n

w
er

e
fit

te
d

us
in

g
R

ET
C

so
ftw

ar
e.

b
Va

lu
es

sh
ow

n
av

er
ag

ed
ov

er
so

il
sa

m
pl

es
in

EM
T-

13
9.

c
Va

lu
es

sh
ow

n
av

er
ag

ed
ov

er
ro

ot
sa

m
pl

es
in

EM
T-

13
9.

Frontiers in Ecology and Evolution | www.frontiersin.org 6 April 2022 | Volume 10 | Article 721244

https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles


fevo-10-721244 April 8, 2022 Time: 18:1 # 7

Liu et al. Physiological Responses to Flooding Events

performance. The data analyses were done by using the
OriginPro (OriginLab Corporation, United States).

RRMSE

=

√∑NM
i = 1 (Mi−Si)

2/NM

Max
(
M1,M2, ......, MNM

)
−Min

(
M1,M2, ......, MNM

)
(12)

R2
= 1−

∑NM
i = 0 (Mi−Si)

2∑NM
i = 0

(
Mi−M

)2 (13)

where NM is the number of the soil moisture measurements;
Mi and Ci are the value of soil moisture measurements
and HYDRUS1D simulations; Max

(
M1, M2, ......, MNM

)
and

Min
(
M1, M2, ......, MNM

)
are the maximum and minimum

values of the soil misture measurements, respectively; M is the
mean of the soil moisture measurements. The RRMSE and R2 are
dimensionless. The lower the RRMSE, the closer the simulated
values approach the observed values, while higher R2 values
indicates better agreement.

The RORRs of the MeS and ShS were simulated and compared
to the measured LNPRs in the EMT-139. The performance of
correlations was evaluated by the Pearson Correlation Coefficient
(PCC) and coefficient of determination (R2).

PCC = 1−
∑NM

i = 0
(
SRi−SR

) (
MLi−ML

)√∑NM
i = 0

(
SRi−SR

)2
√∑NM

i = 0
(
MLi−ML

)2
(14)

where SRi and MLi are the value of the RORR simulations and
LNPR measurements; SR and ML are the mean of the RORR
simulations and LNPR measurements. The PCC value range from
–1 to+1. A value of+1 indicates total positive linear correlation,
0 indicates that there is no linear correlation, and –1 is total
negative linear correlation.

RESULTS

Soil Properties and Morphological
Characteristics of the Roots
The physio-chemical properties of the soil profile, the biomass
and root morphological characteristics of the two plant types
observed in the EMT-139 are shown in Table 1. The vertical
permeability of multi-layer soil profiles was found to vary due
to layered deposition or biological activity-induced soil gradient
characteristics. Additionally, as a key soil-water characteristic,
the saturated hydraulic conductivity (Ks) of the 0–10 cm
layer of the MeS is much greater than the ShS’, indicating a
higher water flow rate, and a more efficient partitioning of
rainfall and surface water into soil water storage. Moreover,
the saturated hydraulic conductivity, the concentrations of
total nitrogen, total carbon, and organic carbon of both soils
were quite low below 40 cm depth, showing that these dense,
impervious, and low-nutrient layers isolated the groundwater

interaction and were unfavorable for root system penetration
and growth. Furthermore, despite the lower above- and below-
ground biomass, the MeS’ specific root length (SRL) and specific
root area (SRA) were approximately eight times larger than the
ShS’, reflecting a stronger capacity for adapting to environmental
changes throughout the growing season.

Simulation Results of the Root-Zone Soil
Moisture Content
Figure 3 depicted the observed and simulated RZ-SWCs of the
MeS and ShS. The simulation results were generally in good
agreement with the observations. The RRMSE values of RZ-
SWC at 20 cm depth in MeS and 40 cm in ShS were 0.229 and
0.117, while the R2 values were 0.650 and 0.906, respectively.
The simulated RZ-SWCs in the MeS and ShS could follow
the general trend of the observations over the study period.
Better agreements with the observations were achieved in the
ShS. Exceptions were noted during the flooding periods and
thereafter, when the simulated results of MeS were a bit higher
than the observed recession curves, while the ShS’ were slightly
lower. The upper boundary condition specifications may partially
explain the overestimated simulated results. It was assumed that
surface water directly infiltrated into the underlying mineral
profiles, disregarding any horizontal runoff processes of this
layer, therefore promoting soil columns with higher water input
and consequently increasing the simulated RZ-SWC of MeS;
Underestimated ShS’ may had been influenced by the flow and
redistribution of water in “horizontal soil columns” of varying
textures. In the field condition, a fairly obvious leaching layer
was observed at approximately 40 cm depth in the EMT-
139 along the riverside, which may also contributed to the
underestimation.

Simulation Results of the Root Oxygen
Respiration Rate
Notably, simulated RORRs of the MeS and ShS were generally
in good agreement with the measured LNPRs (Figure 4). Better
correlations were achieved in the MeS. The MeS and ShS had
PCC values of 0.847 and 0.850, respectively, while R2 value were
0.717 and 0.722. It is noteworthy that the RORR simulation
results for the MeS and ShS could almost follow the general
trend of the LNPR observation values over the study period.
As illustrated in Figures 4A,B, surface flooding from 31th July
2017 immediately suppressed the RORRs and LNPRs in both
plant types. A noticeable trend was the sharp decline following
the occurrence of surface water flooding. Interestingly, the
RORR-MeS increased from a trough value 0.22 µmol m−2 s−1

within 1–2 days and recovered to nearly normal level within
approximately 10 days. However, for the ShS, the RORR value
dropped dramatically shortly after the surface flooding, and
remained nearly constant at an average value of 0.30 µmol
m−2 s−1 onwards, which indicated a deadly flooding impact
on the root functioning of the ShS. This demonstrated an
advantageous effect of flooding on shrub expansion restriction
(Myers-Smith et al., 2015).
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FIGURE 3 | Observed and simulated RZ-SWCs of the MeS and ShS at certain soil depths. Scatter tracks illustrate the difference between the observed and
simulated RZ-SWCs by displaying the mean radically root square error (RRMSE) and the determination coefficient (R2).

Influence of the Aerenchyma Sub-Model
to the Root Oxygen Respiration Rate
Simulation Results
The effect of the aerenchyma sub-model on simulation results of
the RORR for the MeS and ShS was investigated. As indicated
in Figure 5, the simulated values of the RORR-MeS and
RORR-ShS during periods of surface flooding were considerably
underestimated (18.96 and 16.37%, respectively) without the
aerenchyma sub-model. This emphasized the critical role of
the aerenchyma’s physiological function under flooding stress.
Developing appropriate aerenchyma models would assist in
quantifying the dynamics of plant physiological responses to
flooding events.

DISCUSSION

The Performance of Current
Eco-Hydrological Model
In this study, we simulated the physiological responses of
typical wetland plants to natural flooding events by using
a process-based eco-hydrological model. Additionally, a new
root aerenchyma sub-model was developed and incorporated
into the above-mentioned model. This sub-model contained
key processes of root oxygen diffusion and ROL during soil
submergence. The aerenchyma model improved the precision of

root oxygen respiration rate simulation, thereby would enhance
the understanding of the structure and function of aerenchyma
in wetland plants during seasonal flooding events. Furthermore,
soil moisture was successfully simulated in variably saturated
wetland conditions under the assumption that the wetland
surface litter layer was specified as a 10 cm top soil layer.
When surface flooding water was present, the simulation results
closely matched the observations. Overall, we improved the
model reliability in representing the eco-hydrological processes
and parameterization of abiotic and biotic factors, which were
both considered concurrently when simulating the RORR-MeS
and RORR-ShS. Notably, we observed an exception that the
RORR-ShS value did not vary significantly in comparison to the
LNPR-ShS value before the rainy season. We hypothesize that
this could be due to the ShS’ unique physiological characteristics,
which enabled it to maintain a steady RORR during dry seasons,
thereby establish stable whole-plant source-sink relationships in
this stage (Pregitzer et al., 2000).

Relationship of the Root Oxygen
Respiration Rate and Leaf Net
Photosynthesis Rate
The present study confirmed previous findings that oxygen
diffusing to the roots and rhizosphere during the day may be
a result of photosynthetic activities (Caffrey and Kemp, 1991;
Evans, 2004). Moreover, in submerged species, photosynthesis
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FIGURE 4 | Simulated root oxygen respiration rate (RORR) and measured leaf net photosynthesis rate (LNPR) of the MeS (A) and ShS (B) under the influence of
rainfall and surface water level. Scatter tracks demonstrate the relationship between the observed and simulated values of the MeS and ShS by displaying Pearson
Correlations Coefficients (PCC) and the determination coefficient (R2).

was a significant source of oxygen for the fine root and
rhizosphere (Jackson and Armstrong, 1999). Diurnal changes
in root respiration strongly correlated with rates of net
photosynthesis (Lai et al., 2016). As illustrated in Figures 4A,B,
during the initial stage of seasonal flooding, when the rhizosphere
was hypoxic, both leaf photosynthetic capacity and root oxygen
respiration rate of the Mes and ShS were significantly affected.
However, the MeS with a preference for wet microhabitats
had a competitive advantage over first-year invading ShS under
flooding stress, which was consistent with previous researches
(Jung et al., 2008; Gattringer et al., 2017, 2018). Flooding
had a detrimental effect on the ShS due to the physiological
dysfunctions caused by soil anaerobiosis (Kozlowski, 2002). To
summarize, the RORRs correlated positively with the LNPRs in
both plant types during flooding events. However, it should be
noted that, from 31st August onwards, there was a noticeable
recovery (averaged 0.32 µmol m−2 s−1) of the RORR-MeS, which
outnumbered the LNPR-MeS as a whole during this period. This
may help explain, at least in part, why fine root production

exceeded above-ground production. That is, as evidenced by
measurement data from a variety of biomes, seasonal variation
in root production cannot always be attributed to above-ground
production (Abramoff and Finzi, 2015). Therefore, typical
wetland plants may increase the level of RORR to prepare for the
next life-cycle stage.

Influences of the Root-Zone Soil
Moisture Content and Soil Temperature
on the Root Oxygen Respiration Rate
Monte Carlo methods were used to evaluate the sensitivity
of the RORR to root-zone soil water stress associated with
the soil temperature (Hammersley, 2013). To begin, the RZ-
SWC was randomly selected from normal distributions using
the mean and standard deviation values from the HYDRUS1D
simulation results. Then, the RORR-MeS and RORR-ShS were
simultaneously simulated, with the inputs from the normalized
RZ-SWC and ST. The RORR’s sensitivity to RZ-SWC and ST was
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FIGURE 5 | Comparison of the RORR and LNPR simulation results of the MeS and ShS with and without the aerenchyma sub-model.

FIGURE 6 | Sensitivity of the RORRs to RZ-SWCs at various ST (ranging from 13.26 to 24.75◦C) for the MeS (A) and ShS (B). Gray areas indicates the
near-saturation conditions.

then visualized by using linear regression methods. Sensitivity
analysis reveals that the RZ-SWC had a ST-dependent effect as
illustrated in Figures 6A,B. Interestingly, the RORR-MeS was
more susceptible to ST fluctuations than the RORR-ShS under
low RZ-SWC conditions. By contrast, the RORR-ShS (Figure 6B)
was more sensitive to ST fluctuations than the RORR-MeS at
the state of near saturation, with the RORR-MeS exhibited no
apparent ST dependence (Figure 6A) at this stage. It is noted
that RORR-ShS was more sensitive to the ST above approximately

20 ◦C, which resulted in a significant decrease in RORR-ShS
values. In other words, the ST over 20 ◦C caused more RORR
damage to the roots of the ShS than to the MeS’. Moreover,
the RORR-MeS was more stable over a wider range of RZ-SWC
values (upper limit: 0.53 cm3/cm3) than the RORR-ShS (upper
limit: 0.44 cm3/cm3). Notably, the RORR-MeS could recover,
at least to some extent, before the state of full saturation. This
reflects a stronger capacity of the MeS adjusting the root oxygen
respiration function under flooding conditions.
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Above all, sensitivity analysis demonstrated that the RORR
responses may differ according to plant types and stages in
relations to the combined effects of temperature and soil
saturation, as evidenced by Calleja-Cabrera et al. (2020). The MeS
appeared to respond to the combined stresses more effectively by
increasing oxygen partitioning to the roots, thereby promoting
rhizosphere oxidation and fine root growth. When both stresses
were present, in contrast to the MeS, the harmful effects were
amplified for the ShS, because they were more intolerant to
relatively high RZ-SWC and ST (Atkin et al., 2000).

Limitations of the Current Study
This study has two main limitations. The first limitation is
the observational error in natural wetlands. The hydrological
complexity of the seasonal flooding intensified the difficulty of in-
situ multi-layered soil moisture measurement. This may partially
resulted in not good agreement (with the RRMSE values 0.229,
and the R2 values 0.650) of the simulated RZ-SWC-MeS with
the observations. Second, the current eco-hydrological model
did not include all the key physiological processes to adapt to
flooding stress. For example, flooding-induced adventitious roots
(They contain aerenchyma cells as well) have been described
for a number of Central European shrub species (Glenz et al.,
2006), which can also maintain the root respiration via rapid
oxygen absorption. Therefore, in order to more effectively
simulate the physiological response to seasonal flooding events,
the adventitious roots should be incorporated into the eco-
hydrological model in the future.

CONCLUSION

A process-based eco-hydrological model for the physiological
responses of typical wetland plant species to natural flooding
events, has been developed and validated with the data from in-
situ field measurements from a natural wetland in northeastern
China. The new root aerenchyma sub-model was able to improve
the precision of root oxygen respiration rate simulation. The
results presented here show that we improved the model
reliability in representing the eco-hydrological processes and
parameterization of abiotic and biotic factors. The study also
shows a strong correlation between the root oxygen respiration
rate and the leaf net photosynthesis rate during natural flooding
events. This would contribute to eco-hydrological modeling
science with a new way of understanding the key processes in
floodplain wetlands. This would also assist in more accurate
assessments and predictions of vegetation dynamics for wetland

management and restoration initiatives. Restoration of degraded
or destroyed freshwater wetlands can be achieved by designing
regulatory flooding processes that efficiently restore native flood-
tolerant wetland vegetation and restrict woody plant invasion.
This study will be expanded in the future to deal with the
physiological responses at a larger spatio-temporal scale by
developing a more comprehensive eco-hydrological model,
thereby providing mathematical tools for exploring the spatio-
temporal patterns of plant physiological responses in natural
floodplain wetlands.
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