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Abstract Hydrological processes of the wetland complex in the Prairie Pothole Region (PPR) are difficult to
model, partly due to a lack of wetland morphology data. We used Light Detection And Ranging (LiDAR) data sets
to derive wetland features; we then modelled rainfall, snowfall, snowmelt, runoff, evaporation, the “fill-and-spill”
mechanism, shallow groundwater loss, and the effect of wet and dry conditions. For large wetlands with a volume
greater than thousands of cubic metres (e.g. about 3000 m3), the modelled water volume agreed fairly well with
observations; however, it did not succeed for small wetlands (e.g. volume less than 450 m3). Despite the failure
for small wetlands, the modelled water area of the wetland complex coincided well with interpretation of aerial
photographs, showing a linear regression with R2 of around 0.80 and a mean average error of around 0.55 km2.
The next step is to improve the water budget modelling for small wetlands.

Key words hydrological modelling; LiDAR; Prairie Pothole Region; water budget; wetland

Simulation du bilan hydrique d’un complexe de fondrières des prairies à partir de données LiDAR
et de modèles hydrologiques dans le Dakota du Nord (Etats-Unis d’Amérique)
Résumé Les processus hydrologiques du complexe de zones humides de la région des fondrières des prairies sont
difficiles à modéliser, en partie à cause d’un manque de données de morphologie des zones humides. Nous avons
utilisé des jeux de données LiDAR (Light Detection And Ranging) pour calculer les caractéristiques des zones
humides. Nous avons ensuite modélisé les pluies, les précipitations neigeuses, la fonte des neiges, le ruissellement,
l’évaporation, le mécanisme de débordement par saturation, les pertes des eaux souterraines peu profondes, et
l’effet des conditions humides et sèches. Pour les zones humides étendues ayant un volume supérieur à quelques
milliers de mètres cubes (par exemple, environ 3000 m3), le volume d’eau modélisé s’accorde assez bien avec les
observations, mais le modèle a été tenu en échec pour les zones humides de petite taille (par exemple, volume
inférieur à 450 m3). Malgré l’échec pour les petites zones humides, la zone d’eau modélisée du complexe de
zones humides coïncidait bien avec l’interprétation des photographies aériennes, montrant une régression linéaire
avec un R2 de l’ordre de 0,80 et une erreur moyenne autour de 0,55 km2. La prochaine étape est d’améliorer la
modélisation du bilan hydrique pour les zones humides de petite taille.

Mots clefs modélisation hydrologique; LiDAR; région des fondrières des prairies; bilan hydrique; zones humides
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2 Shengli Huang et al.

1 INTRODUCTION

1.1 PPR Wetlands

There are millions of depressional wetlands in the
Prairie Pothole Region (PPR) of North America,
extending from north-central Iowa to central Alberta
(Fenneman 1931). Many wetlands are small and
shallow, with depths generally less than one metre
(Sethre et al. 2005, Zhang et al. 2009), and they
are underlain by glacial till of low permeability
(Winter and Rosenberry 1995). The water balance
of these wetlands is influenced by many factors,
including snow redistribution, precipitation, evap-
otranspiration, runoff, groundwater exchange and
antecedent water storage (Johnson et al. 2005; Fang
and Pomeroy 2008, van der Kamp and Hayashi
2009). Under these conditions, prairie pothole wet-
lands have labile water surfaces determined by the
water balance between inflows and loss. In general,
the major water inflows are snowmelt and summer
precipitation, and the greatest water loss is evapo-
ration (Winter et al. 2001). In spring, the in situ
melt of accumulated snow contributes extensive and
rapidly melting water to the PPR wetlands; therefore,
soon after snowmelt, the wetlands generally reach
their maximum annual extent (Stewart and Kantrud
1971, Winter and Rosenberry 1995, LaBaugh et al.
1998; Parkhurst et al. 1998, Carroll et al. 2005,
Johnson et al. 2010). In summer, open-water evap-
oration is a significant water loss: average annual
evaporation is nearly twice as much as that from pre-
cipitation (Kohler et al. 1959). Deep groundwater
movement is very slow in the PPR wetlands; however,
shoreline-related shallow groundwater loss accounts
for a considerable amount of the water loss in small
depressions (Eisenlohr 1966, Millar 1971).

The PPR wetland landscape complexes are eco-
logically and economically important for providing
ecosystem goods and services (Swanson et al. 2003,
Voldseth et al. 2007, Johnson et al. 2010). For
prairie wetlands management, it is important to model
the hydrological processes and understand how the
amount of surface water stored in wetland com-
plexes changes over time (LaBaugh et al. 1998).
To address this issue, numerous studies have investi-
gated hydrological processes and examined the water
balance of prairie wetlands (e.g. Millar 1971, Poiani
and Johnson 1993, Woo and Rowsell 1993, Winter
and Rosenberry 1995, 1998, LaBaugh et al. 1996,
1998, Rosenberry and Winter 1997, Hayashi et al.
1998, van der Kamp and Hayashi 1998, 2009, Su
et al. 2000, Spence 2007, Fang et al. 2010, Niemuth

et al. 2010, Liu and Schwartz 2011). However, a land-
scape hydrological modelling that includes multiple
wetlands is desired for two reasons.

First, a wetland complex rather than one or sev-
eral ponds is desired. Over the landscape perspec-
tive of the PPR, there are several different types of
temporary, seasonal, semi-permanent and lake wet-
lands with different dynamics. For example, tempo-
rary wetlands are the most environmentally variable
within the wetland complex (Johnson et al. 2004),
and it was revealed that smaller ponds, when com-
pared with large ponds, have much higher recession
rates due to greater infiltration loss through shal-
low groundwater flow (van der Kamp and Hayashi
2009). Diverse complexes of wetlands contribute
high spatial and temporal environmental heterogene-
ity, productivity and biodiversity to these glaciated
prairie landscapes (Johnson et al. 2010); therefore,
all the wetlands differing in landscape type and size
should be considered together for evaluating the many
ecosystem services (Leibowitz 2003, Johnson et al.
2005, 2010, Niemuth et al. 2010). However, exist-
ing studies of wetland complexes that have included
detailed hydrological processes represent only part
of the diverse hydrogeological setting of the prairie
(Winter and Rosenberry 1995, LaBaugh et al. 1998,
van der Kamp and Hayashi 1998). Semi-permanent
wetlands were the only water regime considered in
several models (Poiani and Johnson 1991, Poiani et al.
1996, Johnson et al. 2005); therefore, the signifi-
cant water loss from small wetlands through shal-
low groundwater was not considered. For example,
different versions (1.0, 2.0, 3.2) of WETSIM were
developed for hydrology and vegetation dynamics for
a single-basin and semi-permanent wetlands (Poiani
and Johnson 1991, 1993, Poiani et al. 1995, 1996,
Carroll et al. 2005, Voldseth et al. 2007). Other wet-
land types, such as temporary wetlands, were not
well addressed (e.g. Poiani and Johnson 1993, Larson
1995).

Second, landscape wetland connectivity needs
consideration. Surface-water connections can occur
between prairie potholes (Rosenberry and Winter
1997, Winter and Rosenberry 1998, Johnson et al.
2004). The extent of water connections is insuffi-
ciently documented; thus, the effect of channel out-
flow on prairie wetland ecology has been scarcely
explored (Leibowitz and Vining 2003, Johnson et al.
2004). To properly map the recurrence interval of dif-
ferent connectivities would require precise elevation
data due to the gentle slopes and variable directions
of flow in wetland landscapes (Leibowitz and Vining
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Water budget simulation of a wetland complex 3

2003). To address this challenge, Johnson et al.
(2010) used 10 wetlands and 40 groundwater wells to
parameterize the WETLANDSCAPE (WLS) model
for wetland complex simulation in South Dakota.
The WLS model allowed for overflow connectivity
between basins, but the basin morphometry and over-
flow connectivity among wetlands were determined
from a detailed ground survey using a total station
survey system, which is difficult to apply over a broad
area. Liu and Schwartz (2011) used a pothole com-
plex hydrological model (PCHM) and coupled the
pure power laws approach to fully account for the spa-
tial and temporal distribution of surface waters. The
PCHM was developed mainly to simulate water area–
frequency relationships, and the pure power laws are
weakly coupled to the dynamic character of the water
bodies; therefore, the PCHM could not produce water
bodies that disaggregate during dry periods or coa-
lesce during wet periods (Liu and Schwartz 2011).
Niemuth et al. (2010) described spatial and tempo-
ral patterns of wetness and variation in wetness, and
determined how the inter-annual dynamics of wet-
lands were related to the water regimes; however,
their work precluded inferences about how individ-
ual wetlands vary as a function of water regime, and
did not reveal spatial variance at the scale of wet-
land complexes. Fang et al. (2010) used the Cold
Regions Hydrological Modelling platform (CRHM)
for an externally drained basin with an area of approx-
imately 400 km2. The basin was divided into five
“representative basins” (RBs) with each RB fur-
ther divided into seven hydrological response units
(HRUs). Their model performed very well in pre-
dicting snowpack, soil moisture and streamflow when
evaluated against field observations; however, wetland

surface water area change was not targeted in that
study.

The objective of this paper was to model the
water area dynamics of a landscape wetland com-
plex at daily time steps with “fill-and-spill” surface
water connections and shallow groundwater taken
into account. To do this, we selected a 196-km2 study
area to model the daily water balance of all the indi-
vidual wetlands. The PPR wetlands are distributed
in relatively flat topography and DEMs with resolu-
tions of up to 10 m are usually inadequate to capture
the detailed relief of the region (Huang et al. 2011a).
Thus, using a conventional low-quality DEM would
not be accurate enough to produce a prairie channel
network (Fang et al. 2010). The benefits of apply-
ing a Light Detection And Ranging (LiDAR) remote
sensing approach in a prairie hydrology study are
promising; a LiDAR-derived DEM was highly rec-
ommended for investigating prairie hydrology (Fang
et al. 2010). Our study was based on the 0.5-m DEM
and the associated products derived from a LiDAR
sensor, as reported by Huang et al. (2011a).

2 STUDY AREA

The study area is a 6.4 km × 30.6 km (196 km2) block
in Stutsman County, North Dakota, USA (Fig. 1),
which was reported by Huang et al. (2011a, 2011b).
The study area ranges from 435.7 to 596.3 m in ele-
vation and is covered by corn (14.0%), small grains
(7.6%), soybeans (24.9%), sunflowers (1.1%), farm-
steads (0.9%), grassland (27.0%), hayland (7.2%),
roads (1.7%), trees (1.7%) and wetlands (13.8%).
The study area is characterized by a dynamic con-
tinental climate with long, cold, dry winters and

Fig. 1 The study area (LiDAR digital elevation as background) is located in the Prairie Pothole Region (PPR) of North
Dakota, USA. Aerial photographs were collected and processed for an area marked by the rectangle (see Huang et al.
2011b). Permission from Elsevier.

D
ow

nl
oa

de
d 

by
 [

Fl
or

id
a 

In
te

rn
at

io
na

l U
ni

ve
rs

ity
] 

at
 1

6:
14

 2
4 

Se
pt

em
be

r 
20

13
 



4 Shengli Huang et al.

short, mild, variably wet summers (Kantrud et al.
1989). The average annual temperature is 7◦C and
the average monthly temperature ranges from –13◦C
in January to 20◦C in July (Winter and Rosenberry
1995). Average annual precipitation is 440 mm and
the average monthly precipitation ranges from 12 mm
in December to 91 mm in June (Carroll et al.
2005). In the marked rectangle of Fig. 1, six high-
resolution aerial photographs and one LiDAR data
set were interpreted for wetland open water, result-
ing in the water areas of 3.58, 1.96, 5.96, 5.78,
5.77, 5.71 and 4.60 km2 for 18 June 1984, 28 July
1990, 25 September 1997, 2 July 2004, 15 July 2005,
13 July 2006 and 17 May 2008, respectively (see
Huang et al. 2011b).

3 DATA SETS

Daily weather data of 1980–2008 were compre-
hensively compiled from DAYMET (http://www.
daymet.org/), including: maximum temperature, min-
imum temperature, mean temperature, precipitation,
vapour pressure deficit, solar radiation and wind
speed information. The soil database of SSURGO
was downloaded from the Natural Resources
Conservation Service (http://soildatamart.nrcs.usda.
gov/). Land cover data from NLCD 2001, which
describes the land surface condition at 30-m reso-
lution, were downloaded from http://www.mrlc.gov/

LiDAR data at 0.5-m resolution were processed
(Huang et al. 2011a). The wetland catchments and
their spilling points were delineated within the study
area (Fig. 2). The connectivity among the wetland
basins was modelled, and the maximum water distri-
bution and storage capacity of individual basins was
computed (Huang et al. 2011a). The water depths of
several wetlands were measured in summer at weekly
intervals. In Fig. 2, five wetlands (W1–W5) are
marked. The basin morphometries of these wetlands
were surveyed (see Huang et al. 2011a). By com-
bining the water depth observations from 1980 to
2005 and the wetland shape, we calculated their water
volume.

4 METHODOLOGY

4.1 Overview of wetland water balance

In this study, for a wetland of interest, the term “water-
shed area” (WA) refers to the total constant land area
that contributes surface water to this wetland and the
term “ponded area” (PA) refers to the inundated area

Fig. 2 Wetland delineation from LiDAR DEM. The spill-
ing points (red dots) are identified as the minimum eleva-
tion along the catchment boundaries (yellow lines). Surface
flow directions are depicted as white arrows, and the bi-
directional arrows indicate that the basins merge when
the wetlands are full. The blue polygons are water bodies
detected from 17 May 2008 LiDAR data sets (see Huang
et al. 2011a). Those five wetlands marked by numbers 1–5
(i.e. W1 to W5) were measured in water depth and basin
morphometry.

of the wetland. The value of PA varies according to
the water balance: when the water level is beyond the
spilling point, the wetland will fill and spill, thus PA
will reach its maximum area (PAmax) and the wet-
land will reach its maximum capacity (V max). The
PA ranges from 0 (when the wetland is dry) to PAmax

(when the wetland is full). The parameters WA, PAmax

and V max were all modelled from LiDAR data (see
Huang et al. 2011a). The upland is the difference
between WA and PA (Fig. 3).

The conceptual cross-section of the wetlands at
landscape level is shown in Fig. 4. In our study,
the water storage in a wetland of interest was
modelled by:

Vt = Vt−1 + VCt (1a)

VCt = Pt · PAt + SRt(WA − PAt)

+ SIVt − ETt · PAt − SOVt − SGWt

+ αWA [(Pt − ETt) − (Pm − ETm)]

(1b)

where t is the day of simulation; and Vt is the water
storage, and depends on the preceding water storage
Vt−1 and the daily volume change, VCt. The incom-
ing water volume into the wetland is the result of:
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Water budget simulation of a wetland complex 5

Fig. 3 Conceptual scheme of watershed area (WA), ponded
area (PA), maximum ponded area (PAmax) and spilling
point (dot).

direct precipitation, Pt × PAt; surface runoff from
upland, SRt(WAt – PAt), including both snowmelt
and rainstorm runoff; and the surface water flow
from contributing wetlands through the spilling point,
SIVt. The outgoing water volume from the wetland of
interest includes: open-water evaporation, ETt × PAt;
surface outflow through the spilling point, SOVt; and
shallow groundwater loss, SGWt (van der Kamp and
Hayashi 2009). Deep and inter-wetland groundwater
flow has minor effects on the wetland water bal-
ance under a normal moisture regime (van der Kamp
and Hayashi 2009); however, dry and wet conditions
have an important effect on the water budget (Winter
and Rosenberry 1995, Rosenberry and Winter 1997).
Therefore, in equations (1), αWA[(Pt – ETt) – (Pm

– ETm)] was used to adjust the dry and wet con-
ditions on the water budget, where Pm and ETm

are daily mean precipitation and ET averaged from

1980–2005 climate data sets, respectively, while α

is a calibration parameter with a value of 0.42 (see
Section 4.5).

The model was driven by daily weather data.
In each day, volume (V ) was converted to ponded
area (PA) based on the strong statistical relationship
between volume and area in a topographic depres-
sion, as reported by Huang et al. (2011a). The result
is passed to the second day for iteration.

4.2 Precipitation (P), runoff (SR) and
open-water evaporation (ET)

The form of precipitation as rainfall or snowfall is
modelled based on the daily mean temperature. If the
average daily temperature is below 0◦C, the falling
precipitation is assumed to be snowfall (Carroll
et al. 2005). Snowfall accumulates on the ground as
snowpack in terms of snow water equivalent (SWE).
Snowpack melting was modelled with the degree-day
method as Mt = 0.274Tt, where Mt is the snowmelt
depth (m) on day t, Tt is the mean daily temperature
(◦C) and 0.274 is the approximate degree-day ratio
(cm ◦C−1 d−1) (Rango and Martinec 1995). When
Tt < 0◦C, Mt = 0 (i.e. no snowmelt). We assumed
95% snowmelt runoff flowed into ponds because of
the frozen soil (Woo and Winter 1993, Larson 1995,
Winter and Rosenberry 1995, Hayashi et al. 1998).

If the average daily temperature is above 0◦C,
the falling precipitation is assumed to be rainfall.
The rainfall runoff was modelled with the US Soil
Conservation Service’s infiltration model, based on
the curve number (CN) approach (SCS 1972):

Rt =
{ (Pt − 0.2St)2

Pt + 0.8St
Pt > 0.2St

0 Pt ≤ 0.2St

(2)

where Rt is the surface runoff (in m) per unit upland
area on day t; and St is the soil abstraction factor (m)
that is calculated as:

Fig. 4 Conceptual cross-section of wetlands at landscape level. Incoming and outgoing components are depicted.
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6 Shengli Huang et al.

Table 1 Curve number computation from soil and land
cover (according to NLCD 2001)..

Land cover class Hydrological soil group

A B C D

Open Water 100 100 100 100
Grassland/Herbaceous 49 69 79 84
Pasture hay 49 69 79 84
Cultivated crops 67 78 85 89

St = 0.254

(
100

CNt · β
− 1

)
(3)

where CNt is the curve number (CN) on day t; and β is
a coefficient calibrated as 1.04 (see Section 4.5). The
CN under normal conditions was obtained from the
combination of SSURGO hydrological soil group and
major NLCD 2001 land cover (Table 1). Antecedent
moisture condition (AMC) indicates basin wetness
and availability of soil moisture storage prior to a rain-
fall event and can have a significant effect on runoff
volume. A total rainfall in the preceding 5-day period
(R5, in mm) was used to adjust the CN (Chow et al.
2002). When R5 < 12.7 in the dormant season (i.e.
1 October–31 March), or for R5 < 35.6 in the grow-
ing season (i.e. 1 April–30 September), the CN was
adjusted using the following equation:

CNnew = 4.2CN

10 − (0.058CN)
(4)

For R5 > 27.9 in the dormant season, or R5 > 53.3 in
the growing season, the CN was adjusted using:

CNnew = 23CN

10 − (0.13CN)
(5)

The CN approach described above incorporated both
spatially explicit SSURGO soil data and land cover
data (Table 1), as well as temporal AMC (equations
(4) and (5)), so the CN values for different wetlands
used in the study were changing over space and time.

During the winter, water is assumed not to evap-
orate from the lake ice until the mean air temperature
of the preceding 10 days in spring is greater than
3◦C (Johnson et al. 2004, 2010). During the sum-
mer, we modelled the standard grass-based Penman-
Monteith potential evapotranspiration (PET) (Allen
et al. 1998) as the open-water evaporation, with the

same assumption of Carroll et al. (2005) and Poiani
et al. (1996) that the open water ET is equal to PET.

4.3 Groundwater loss (SGW)

The deep groundwater flow in low-conductivity till
is very slow and has negligible effects on water bal-
ance; shoreline seepage losses are a proportionately
smaller component of the water balance for a large
wetland (Millar 1971, van der Kamp and Hayashi
1998). However, for relatively small wetlands, infiltra-
tion (i.e. lateral flow of shallow groundwater between
wetland ponds and the riparian zone) accounts for the
majority of water loss (Hayashi et al. 1998, van der
Kamp and Hayashi 2009). This kind of seepage from
the pond is a major factor in the wetland water balance
and needs careful consideration (Su et al. 2000).

The horizontal flow of groundwater from the wet-
land to the upland is mainly due to upland evapo-
transpiration (Winter and Rosenberry 1995, Hayashi
et al. 1998, Su et al. 2000, van der Kamp and Hayashi
2009). Phreatophytic vegetation absorbs and tran-
spires water and thus creates depressions in the water
table around small wetlands during the growing sea-
son, which increases the hydrostatic gradient and rate
of seepage outflow. Greater and more rapid warming
of the shallow water accelerates the rate of evapo-
transpiration (Millar 1971). Eventually the infiltrated
water flows laterally through a zone of high hydraulic
conductivity, due to fractures in the till, and is used up
by plants on the upland (Hayashi et al. 1998).

The flow of groundwater from the ponded water
to the margins is a highly transient phenomenon that
changes over hours, days, seasons and years, follo-
wing the trend of evaporation rate (Winter and
Rosenberry 1995, Hayashi et al. 1998, van der Kamp
and Hayashi 1998). A strong linear correlation exists
between the rate of water level recession caused
by shallow groundwater and the ratio of the pond
shoreline length (m) to the pond area (m2) (Millar
1971, van der Kamp and Hayashi 2009); therefore,
we parameterized the shallow groundwater loss as
follows:

SGWt = ωRSref
ETt

ETref
· Ratio · PAt (6)

where ω reflects local shallow groundwater loss (cal-
ibrated as 0.90; see Section 4.5); RSref (= 0.04 m2/d)
is the reference recession slope; and ETref (=
4.7 mm/d) is the average daily evaporation from large
lakes in July. The two values of RSref and ETref were
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Water budget simulation of a wetland complex 7

obtained from the studies of Millar (1971) and van der
Kamp and Hayashi (2009), conducted in Saskatoon,
Saskatchewan. The Ratio of the pond shoreline length
(m) to pond area (m2) was calculated for each indi-
vidual wetland from the corresponding NWI polygon
in units of 1/m. In some cases, NWI data are com-
posed of polygons showing wetland zones (i.e. several
polygons represent one wetland). In this case, we
merged these geographically adjacent zones into one
polygon, following the protocol described by Johnson
and Higgins (1997). If the zones are not adjacent
geographically, average Ratio was used. Parameters
ETt and PAt are the daily open-water evaporation
and ponded area, respectively, as described previ-
ously. Millar (1971) and van der Kamp and Hayashi
(2009) showed that the temporal pattern in the rate of
shoreline-related water loss coincided with the trend
in lake evaporation values, and the spatial variation of
recession slopes of their three sites also agreed with
the evaporation difference; therefore, the ETt/ETref in
equation (6) was used to capture and adjust the spatial
and temporal variation of the recession slope, RSref.
According to this equation, when the wetland is very
large, the ratio is close to 0, resulting in very low
groundwater loss. This agrees with the findings that
shallow groundwater is a minor factor for a large wet-
land (Millar 1971, van der Kamp and Hayashi 1998).
When a wetland is very small, the ratio increases and
this results in higher groundwater loss. For example,
when the ratio is 0.1 and 0.2, the depth of groundwater
loss in July at Saskatoon (in this case ETt/ETref

=1) would be 4 and 8 mm/d. This agrees with the
observations summarized by Millar (1971) and van
der Kamp and Hayashi (2009).

4.4 Surface water routing (SIV and SOV)

In early spring, snowmelt water runs off into depres-
sions and may be routed from higher to lower-lying
wetlands by surface fill-and-spill mechanisms, partic-
ularly in wet years (Hayashi et al. 1998, Gray et al.
2001, van der Kamp et al. 2003, van der Kamp and
Hayashi 2009). The spilling point, maximum volume
and routing direction of each wetland were modelled
by Huang et al. (2011a). Therefore, for a wetland of
interest, we have the following information:

(a) which wetlands can contribute over-spilled water
to this wetland;

(b) where the extra water exits through the outlet, if
the wetland of interest is full; and

(c) if and how this wetland basin merges with other
geographically adjacent basins and creates a
larger basin (Figs 2 and 4).

In our study, the volume of surface water that flows
to other wetlands was modelled as the extra water
beyond the maximum capacity at a daily time step.

4.5 Model calibration

The model parameters α, β and ω were calibrated
using the observed water volume of W1 from 1980 to
1995. During calibration, we set the initial water con-
dition of 1980 and drove our model using the daily
weather data. We set individual parameter values,
made a series of simulations, generated wetland water
areas and then computed the correlation between
the observed volume and the modelled volume. This
process was repeated until the minimum root mean
square error was achieved, and a set of accept-
able parameters was obtained: α = 0.42, β = 1.04 and
ω = 0.90.

5 RESULTS

The comparisons between observed and modelled
water volume for the five wetlands are shown in
Fig. 5. From 1980 to 1992, the measured depth of
wetland W1 is low with a small peak in 1987 (around
1 m) and a minimum depth in 1992 (almost 0 m); from
1992 to 1999, the water depth of W1 increases signif-
icantly from dry to 2.5 m; and since 1999, wetland
depth remains greater than 1.6 m but shows a gen-
eral decreasing trend. Based on the water depth and
the basin shape, the converted water volume shows a
similar pattern: From 1980 to 1992, the water volume
is low with a small peak in 1987 (around 20 000 m3)
and a minimum volume in 1992 (almost dry); from
1992 to 1999, the water volume increases signifi-
cantly from dry to 110 000 m3; since 1999, its volume
remains >45 000 m3, but shows a general decreas-
ing trend. When compared with observed volume, the
modelled W1 volume coincides well in both trend
and magnitude. This agreement can also be found for
another large wetland W2; however, the coincidence
cannot be observed for small wetlands W3 and W4,
which are less than 450 m3 in size. For wetland W5,
with a moderate size of around 3000 m3, the agree-
ment is better than for small wetlands, but poorer
than for large ones. All these comparisons indicate
that our modelling performed well for those wetlands
of sizes greater than thousands of cubic metres, but
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8 Shengli Huang et al.

Fig. 5 Comparison of the observed and modelled water volume for wetlands W1–W5 (see Fig. 2 for locations).

Fig. 6 Water area comparison between modelling and inter-
pretation within the area marked by the rectangle in Fig. 1.

did not succeed for small wetlands. Nevertheless, the
water area comparison between aerial photographs
and modelling at landscape level (Fig. 6) shows the

linear regression with R2 of around 0.80 and a mean
average error of around 0.55 km2, indicating the
acceptable accuracy of our water budget modelling.

6 DISCUSSION

The hydrological process and water levels in the
PPR wetland are very complex and affected by many
factors: wetland size, basin morphometry, soil type,
land use, catchment size, topographic position and
wetland drainage patterns, as well as precipitation
(Kantrud et al. 1989, Euliss and Mushet 1996, van
der Kamp et al. 1999). Rainfall, snowfall, snowmelt
and rainstorm runoff, evapotranspiration, as well as
fill-and-spill mechanisms, all influence water mass
balance (van der Kamp and Hayashi 2009). Taking
advantage of the high-resolution LiDAR elevation
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Water budget simulation of a wetland complex 9

data set, we modelled the entire wetland complex
instead of just an individual wetland so that the inter-
dependence of wetlands of different sizes could be
evaluated. Our wetland complex modelling at the
landscape level benefits the research and management
of many ecosystem services, such as flooding, water
quality and biodiversity.

Regarding flooding, the human-altered PPR wet-
lands may contribute floodwater to downstream
rivers, stimulating interest in modelling water storage
capacities of wetlands and their surrounding catch-
ments to facilitate flood mitigation efforts. A land-
scape perspective is required to link the performance
of wetland functions with off-site flood effects, and
the ability to define the extent of hydrological con-
nection with respect to different flood recurrence
intervals would be useful (Leibowitz 2003). Huang
et al. (2011a) demonstrated a conceptual model for
using LiDAR data to improve the estimation of flood-
water mitigation potential. Nevertheless, to improve
realism, the water level at the beginning of flood
must be known. The study reported here can pro-
vide a daily water budget prior to a flood occurrence
and thus meet this demand. Regarding water quality,
both isolation and connection are important factors
through the transport of ions, nutrients, sediments
and contaminants, but their effect on wetland water-
quality function has received relatively little atten-
tion (Leibowitz 2003, Leibowitz and Vining 2003,
Whigham and Jordan 2003). Our study could provide
insight into the isolation and connectivity of wet-
lands and thus enable a better understanding of water
quality.

Regarding biodiversity, PPR wetland complexes
support higher species richness compared with sin-
gle, isolated wetlands of comparable total surface area
(Naugle et al. 1999). The PPR wetlands, with longer
wet–dry cycles, are hypothesized to have a higher
floral and faunal diversity, such as fish, waterfowl,
amphibians and invertebrates (van der Valk 2005).
The plant species composition, evenness and net pri-
mary productivity of hydrologically-isolated wetlands
were significantly different from those in wetlands
connected with temporary surface-water connections
and/or soil-water pathways, which may be due to
salinity and inundation (Cook et al. 2007). Our
study could provide the required information on the
hydrological isolation and interconnection for diver-
sity study and management (Swanson et al. 2003, van
der Kamp and Hayashi 2009).

Although our wetland complex modelling at the
landscape level rather than at individual wetland level

may benefit many ecosystem services, our current
modelling has several deficiencies, some of which
could lead to poorer model performance for small
wetlands. First, the water table was not tracked below
the wetland bottom in our study; this may reduce
model performance, especially for small wetlands that
have more labile water change and dry out more fre-
quently than large wetlands (Voldseth et al. 2007).
Second, different soil and vegetation at the fringe of
standing water and in the upland have different evapo-
transpiration rates (LaBaugh et al. 1998). We mod-
elled the wetland shallow groundwater loss through
the ratio of shoreline to area, but we could not capture
the spatial variation of vegetation and soil; also, the
ratio of shoreline to the area of each individual wet-
land was constant, so could not capture its dynamics
following water change. Small wetlands suffer more
from this deficiency, because they are more affected
by this shallow groundwater loss (Eisenlohr 1966,
Millar 1971, van der Kamp and Hayashi 2009). Third,
water was assumed not to evaporate from ice-covered
wetlands. Small wetlands differ from large wetlands
in the extended ice cover (Barica and Mathias 1979),
which could contribute to limited model performance
for small wetlands. Fourth, in our hydrological mode-
lling, the spilling point location, the inter-wetland
connectivity, the maximum storage capacity (V max)
and the relationship between volume (V ) and ponded
area (PA) were all applied to this model; however,
these data were not perfect and bias did exist, as dis-
cussed by Huang et al. (2011a). Fifth, snow distribu-
tion is not spatially homogeneous due to grass trap or
wind blowing (Voldseth et al. 2007, Fang et al. 2010);
however, we assumed a spatially-homogeneous snow
distribution in our model. Finally, land cover and land
use changed between 1980 and 2009, resulting in
the change of curve number; however, we only used
static NLCD 2001 land cover classes in our study. All
these deficiencies may lead to biases in our modelling,
especially for small wetlands. Further study is needed
to improve the estimation.

7 CONCLUSION

The hydrological processes for the landscape wetland
complex in the PPR are difficult to model, partly due
to the lack of wetland morphology. The use of LiDAR
data is an ideal solution to this problem. Without the
use of high-resolution DEMs, the subtle landscape
features of the PPR wetlands in areas of extremely
low relief cannot be resolved. The LiDAR approach
provides highly accurate elevation data that capture
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10 Shengli Huang et al.

detailed wetland morphology, enabling us to know
the catchment area, spilling point, maximum ponded
area and maximum volume of each wetland, as well as
the channel network and where basins merge among
wetlands. This information is critical for hydrological
modelling of the complex wetland landscape (e.g.
water spilling).

With the application of LiDAR in our models, the
change of surface water stored in a wetland complex
over time can be modelled fairly well with the factors
of rainfall, snowfall, snowmelt open-water evapora-
tion, surface runoff, shallow groundwater loss and the
effect of dry/wet conditions taken into account. The
model performed fairly well for those wetlands with
volumes greater than thousands of cubic metres (e.g.
about 3000 m3, as observed in W5), but did not suc-
ceed for small wetlands (e.g. volume < 450 m3, as
observed in W3 and W4). Despite the failure in small
wetlands, water area at the landscape level could be
modelled at an acceptable accuracy. The estimation
of the water budget for small wetlands needs to be
improved in the future.
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