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Abstract
As seaborne and inland transport hubs, seaports and dry ports are vulnerable to 
diversified risks, such as climate-change-related disasters and congestion in daily 
operations, owing to their special geographical locations and socioeconomic func-
tions in seaborne supply chains. If appropriate investments are made before the risks 
occur, the probability and potential damage of such risks can be mitigated. We pro-
pose a two-stage game to simultaneously study the preventive and adaptive invest-
ments of seaport and dry port authorities on diversified risks in scenarios of vertical 
cooperation and horizontal competition. In addition, in the latter case, the asymme-
try between seaports and dry ports, regarding their vulnerability to risks, is taken 
into account. Findings show that it is not always advisable to pursue close coopera-
tion, as players in a horizontal relationship must consider not only their own vulner-
abilities but also those of others when making investment decisions. Finally, we find 
that port authorities need to pay more attention to the free-riding problem in the 
process of preventive investments than in adaptive investments.

Keywords Port prevention and adaptation · Peer effect · Competition effect · 
Vertical cooperation · Horizontal competition · Seaport–dry port system

1 Introduction

Recent decades have witnessed the rapid development of international seaborne 
trade, which has become the backbone of the manufacturing supply chains. At 
present, more than four-fifths of the world’s trade is carried by sea, and the total 
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seaborne trade reached 11.08 billion tons in 2019 (UNCTAD 2020). However, the 
rapid development of seaborne trade has exacerbated congestion of seaports. Con-
gestion derives primarily from the connection between seaports and the hinterland; 
it increases the operating costs of seaports and reduces the efficiency of transits to 
the hinterland. To relieve seaport congestion and improve logistics solutions for 
shippers in the hinterland, dry ports have emerged as inland multimodal transport 
terminals directly connected to seaports by rail or road where shippers can enjoy 
the same functional requirements as in seaports (Roso et al. 2009; Khaslavskaya and 
Roso 2020). The inland dry port and the seaport together constitute a seaport–dry 
port system (Jeevan et al. 2019), such as the Gothenburg seaport and Hallsberg dry 
port, where the seaport and dry port jointly meet the needs of shippers in the com-
mon hinterland (Qiu et al. 2015).

Due to its special strategic location and critical socioeconomic functions, the sea-
port–dry port system exhibits vulnerabilities to unexpected risks from the sea side 
and land side, which induce severe economic losses to shippers and society (Chen 
et al. 2017; Cao and Lam 2019). Depending on the uncertainty of unexpected risks, 
sources of risk can be divided into disruption events and regular events (Li et  al. 
2016; Lee and Song 2017). For disruption events, existing research has shown that 
the seaport–dry port system is vulnerable to climate-change-related natural disasters 
(Gou and Lam 2019; Randrianarisoa et al. 2020). For example, Hurricane Harvey 
caused a landfall in Louisiana in 2017, leading to the closure of the ports of Houston 
and Corpus Christi, which resulted in an estimated economic loss of US$ 125 billion 
(Lam et al. 2017). Such a risk, which has a low probability of occurrence but causes 
serious damage, is known as a disruption risk (Lam and Su 2015; Zhang and Lam 
2015). For regular events, with the consolidation of liner companies and increased 
vessel sizes, the capacity of ports1 to handle cargo cannot fully meet all liner com-
pany requirements, so congestion often occurs (Fan et al. 2012). It has been reported 
that less than half of containerships arrive at ports on time (Bloomberg 2011). This 
increases the operating costs of ports and prevents shippers from delivering goods 
on schedule. Such a risk, which has a high probability of occurrence but causes less 
damage, is called a regular risk (Kleindorfer and Saad 2005; Li et al. 2016). Because 
ports play important roles in global trade, interruptions in port services may have 
knock-on effects on global supply chain performance and the national economy 
(UNCTAD 2018). Both disruption risk and regular risk affect not only the ports but 
also trade and regional economic development of the whole seaport–dry port sys-
tem, so it is vital to control the probability and damage caused by such risks.

To reduce the probability of regular risk and mitigate the potential damage caused 
by disruption risk, port authorities (PAs) around the world have seriously consid-
ered controlling risks through targeted investments (Randrianarisoa et al. 2020). For 
example, to cope with the congestion caused by coronavirus disease 2019 (COVID-
19), the Transnet National Port Authority, which is responsible for the management 
and operation of major ports in South Africa, chose the port of Durban as a pilot 
project to invest in intelligence and automation, aiming to reduce the probability 

1 Hereafter we use “ports” to mean “seaport and dry port.”
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of congestion. Another pilot project, completed by the Hamburg Port Authority in 
2020, sought to reduce tidal range and storm surge damage by investing in river 
improvements. At present, there is no shortage of research seeking to develop effec-
tive measures to prevent or mitigate risks faced by ports. However, the existing stud-
ies are dominated by adaptation to climate-change-related disruption risks (Xiao 
et al. 2015; Wang et al. 2020). Academic work considering both the prevention of 
regular risk and the adaptation of disruption risk is relatively rare, however. The 
regular and disruption risks, respectively, affect the normal operation of the port in 
terms of high occurrence probability and potential damage, which correspond to 
two elements of risk. In practice, it is the combination of the two risks that deter-
mines the specific measures for risk management (Li et al. 2016). To address regular 
risk, PAs can expand berths and increase cargohandling facilities, thereby reduc-
ing the probability of risk occurrence, which is called preventive investment (Liu 
et al. 2018; Asadabadi and Miller-Hooks 2018). To address disruption risk, PAs can 
enhance automation, improve drainage facilities, and build storm barriers, aiming 
to reduce the potential damage caused by climate-change-related natural disasters. 
For example, Gulfport in Mississippi planned to elevate the entire port (including 
quays, etc.) from 10 to 25 feet above sea level, to increase risk adaptation capability, 
which would reduce the damage that the Gulfport could suffer from a future storm 
surge (Becker et al. 2015). This type of risk (tsunami, typhoon, etc.) is sudden, the 
probability of such risk cannot be reduced, and only the potential damage caused by 
it can be reduced through investments, known as adaptive investments (Wang et al. 
2020). Both prevention and adaptation are measures taken by PAs to control multi-
ple risks before they occur. Preventive investment is intended to prevent regular risk 
by reducing the probability of risk occurrence, and adaptive investment is designed 
to adapt to disruption risk by reducing the possible damage caused by such a risk. 
Therefore, this research simultaneously studies both types of investment.

In addition to the diversity of risks, preventive and adaptive investments are 
also heavily affected by the economic relationships of the seaport–dry port system. 
Owing to the special geographic and strategic location of dry ports, the complex 
economic relationships of cooperation and competition between seaports and dry 
ports have been demonstrated (Jackson and Zenou 2015; Gong and Liu 2020). In 
commercially cooperative relationships, seaports and dry ports are regarded as stra-
tegic alliances. Goods are assembled in a dry port and then transported to their des-
tination through the seaport. Seaports and dry ports that exhibit such a relationship 
belong to our vertical cooperation typology. For example, through combined trans-
port (rail–sea), goods from the dry port of Liege in Belgium are first transported 
by rail to the port of Antwerp and then exported by sea. The relationship between 
the dry port of Liege and the seaport of Antwerp entails vertical cooperation of 
upstream and downstream (Fig. 1). A cooperative relationship will affect negatively 
the investment enthusiasm of the port authority, which is known as the peer effect 
or free-riding phenomenon. Such an effect can be explained by the complementary 
influence of Bonacich centrality (CIBC), where a larger CIBC value means that the 
player works more closely with the other players in the system, making it easier for 
the players to steal the investment results of the business partner and reduce their 
own investment enthusiasm (Chen et  al. 2018). Chengdu dry port and Shanghai 
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seaport, for example, in the Yangtze River Economic Belt, show cooperative rela-
tionships. Being located in the upper and lower reaches of the Yangtze River Basin, 
the infrastructure investment of the Chengdu dry port can effectively ease the con-
gestion caused by the transit of inland container cargo at the Shanghai seaport. As a 
result, capacity investment at the Chengdu dry port could dampen the enthusiasm of 
the Shanghai seaport for investment to ease congestion (free-rider problem).

In a competitive commercial relationship, the seaport and dry port operate inde-
pendently as substitutes, which is often referred to as horizontal competition (Grau-
berger and Kimms 2016; Tan et al. 2018) (Fig. 1). For instance, the Belt and Road 
Initiative has freed Chinese mainland dry ports (e.g., Xi’an dry port, Zhengzhou 
dry port, Chengdu dry port) from their hinterland role and enabled them to function 
as (sea)ports with the help of the China Railway Express (CR Express) (Wei et al. 
2018). Goods can be transferred from dry ports to Europe by CR Express, which 
has increased competition between seaports and dry ports, especially in agriculture, 
fisheries, medicine, and other time-sensitive products. Dry ports have a significant 
competitive advantage in terms of transport time. The National Development and 
Reform Commission of China stated at a press conference on 19 January 2021 that, 
facing the severe impact of the epidemic, dry ports take advantage of their unique 
advantages through the CR Express, having handled 1.135 million TEUs of cargo 
throughout the year of 2020 (Agency 2021). This competitive relationship will posi-
tively affect the investment enthusiasm of the PA, known as the competition effect 
(Wang and Zhang 2018). Moreover, different from previous studies on two seaports 
that are assumed to exhibit the same vulnerability to risk (Randrianarisoa and Zhang 
2019; Wang and Zhang 2018), an asymmetric seaport–dry port system is studied 
here, whereby asymmetry should be understood as the different vulnerabilities 
to risk of seaports and dry ports. For example, seaports are more sensitive to dis-
ruption risk, and dry ports are more sensitive to regular risk owing to their unique 
geographic locations. To the best of our knowledge, there is a gap in the literature 
regarding the impact of vertical cooperation and horizontal competition on preven-
tive and adaptive investments, with regard to the peer effect and competition effect.

Fig. 1  The economic relationships of the seaport–dry port system
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Therefore, this study proposes a two-stage game model to investigate the preven-
tive and adaptive investment decisions of the seaport and dry port authorities under 
diverse risks in vertical cooperation and asymmetric horizontal competition while 
considering the peer and competition effects. Specifically, at the strategic stage, 
cooperative or competitive seaport and dry port authorities make adaptive or preven-
tive investment decisions regarding disruption and regular risks, respectively. At the 
operational stage, the pricing decisions are made based on the investment decisions 
in the first stage. This study is organized as follows. The next section reviews previ-
ous studies on the investment decisions of PAs and the structure of the seaborne 
supply chain. Section  3 establishes the basic model for the seaport–dry port sys-
tem. Section 4 derives the analytical results for equilibrium preventive and adaptive 
investment under diverse risks. Finally, conclusions and future research directions 
are given in Sect. 5.

2  Literature review

This study mainly involves two research streams. The first focuses on the tar-
geted investment decisions of PAs, while the second is primarily concerned with 
the impact of complex commercial relationships between players on investment 
decisions.

2.1  Targeted investment decisions of PAs

Due to the diversity of risks faced by seaborne supply chains, many scholars have 
studied the investment decisions of PAs in response to climate-change-related natu-
ral disasters. Xiao et al. (2015) developed an economic model to study preventive 
investment, to address seaborne disasters, simultaneously considering uncertain risk 
occurrence probability and return on investment. Wang and Zhang (2018) extended 
Xiao et  al. (2015) assumption that the probability of risk occurrence is uniformly 
distributed, in a model that can be characterized by a general distribution. They 
found that the uncertainty in the probability of risk occurrence and the co-opeti-
tion between ports had impacts on adaptive investment decisions. Randrianarisoa 
and Zhang (2019) constructed a real options game model to investigate the opti-
mal investment time and scale of competitive ports, to address climate change under 
uncertain investment efficiency. However, these studies all emphasize the effect of 
adaptative investments on climate-change-related disruption risk. There is a lack of 
research on preventive investment for regular risk of a high probability of occur-
rence. Gong and Liu (2020) examined mitigating investments, to minimize the prob-
ability of the occurrence of a disaster in a seaport–dry port system, treating port 
pricing as exogenous to investments. However, the investment decisions of a port 
will affect its competitive advantage, so it is important to endogenize the pricing 
decision in the operational stage. As a result, we not only analyze preventive invest-
ment for regular risk and adaptive investment for disruption risk in the strategic 
stage but also consider the pricing decision in the operational stage.
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2.2  The impact of the commercial relationship of players on their investment 
decisions

Due to their specific location and socioeconomic functions, seaborne supply chains 
exhibit complicated economic relationships (Zheng and Luo 2021), which can affect 
the scale and effectiveness of port investment in risk prevention and adaptation. Tra-
ditionally, economic relationships between ports in the seaborne supply chain have 
been expressed as vertical cooperation (Lam and Yap 2011; Irannezhad et al. 2018) 
and horizontal competition (Song et  al. 2016; Zhang et  al. 2018). However, our 
study differs from prior work in that, in the process of risk prevention and adapta-
tion, vertical cooperation is understood when the investment of one player affects 
negatively the investment enthusiasm of other players in the system; i.e., our peer 
effect. Chen et  al. (2018) described the cooperative relationships in a multimodal 
transport network, based on network game theory, and showed that the peer effect 
suppresses risk-prevention investment. In addition, horizontal competition is mani-
fested by the investment of one player positively affecting the investment enthusiasm 
of others in the system: our competition effect. Wang and Zhang (2018) investigated 
the adaptative investment of two competing ports and demonstrated that the compe-
tition effect promotes the investments of PAs. Unlike most existing studies that focus 
on two symmetric seaports that are assumed to exhibit the same vulnerability to risk 
(Liu et al. 2018; Randrianarisoa and Zhang 2019), this study analyzes the impact of 
peer and competition effects of an asymmetric seaport–dry port system on preven-
tion and adaptation. In addition to asymmetric geographic locations, asymmetry is 
also understood by the asymmetric vulnerability of seaports and dry ports to risks. 
For example, seaports are more sensitive to disruption risk, and dry ports are more 
sensitive to regular risk owing to their unique geographic locations.

Among the above review, we find some unresolved issues in the field of risk pre-
vention and adaptation of seaport–dry port systems. How do vertically cooperative 
and horizontally competitive seaports and dry ports make optimal preventive and 
adaptive investments to address regular and disruption risks under the peer and com-
petition effects? How does the uncertain vulnerability caused by risk diversity affect 
the peer effect and the competition effect, thereby affecting the investment decisions 
of seaports and dry ports? How does the asymmetry affect preventive and adaptive 
investments in seaports and dry ports? Hence, in this study, a two-stage game is used 
to model strategic investment decisions for seaports and dry ports under cooperative 
and substitutive commercial relationships that simultaneously considers risk diver-
sity, the peer effect, and the competition effect.

3  Basic model specifications

In this study, a seaport and a dry port jointly serve shippers in a common hinter-
land. The two ports can be cooperative or competitive (Fig.  1). Since the 1990s, 
port governance has gradually shifted from central government to PAs. Ports are 
increasingly privatized, and the concept of profit assumes a different dimension 
(Iannone 2012; Kavirathna et  al. 2019). Therefore, a two-stage game model with 
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profit maximization as the decision objective is adopted here, aiming to determine 
strategic investment and operational pricing (Fig. 2). At the strategic stage, the PA 
makes preventive and adaptive investment decisions for regular and disruption risks 
to maximize profit. At the operational stage, the horizontally competitive PAs decide 
the terminal handling charges (THC) charged to users. In a vertically cooperative 
partnership, the seaport authority first determines the THC charged to the dry port 
authority, and then the dry port authority determines the THC charged to port users.

Specifically, at the strategic stage, port i (seaport or dry port authority) deter-
mines the preventive investment Ip

i
 or adaptive investment Ia

i
 according to the type 

of risk, which can mitigate the damage suffered by shippers. The damage suffered 
by the shippers due to regular or disruption risk at port i is denoted by Dr

i
 and Dd

i
 , 

respectively, Dr
i
< Dd

i
 . The damage is assumed to be directly proportional to the risk 

occurrence probability Pr
i
 and Pd

i
 , Pr

i
> Pd

i
 (Xiao et  al. 2015). Through preventive 

investment, the probability of regular risk will be reduced by F(Ip
i
) , where F(I) is 

the absorption function of risk (Chen et al. 2018). The risk absorption function is 
used to describe the degree of absorption of the actual damage caused by the risk 
after the players take preventive or adaptive investment measures. Specifically, 
through adaptive investment Ia

i
 , the potential damage caused by disruption will 

be reduced by F(Ia
i
) . Through preventive investment Ip

i
 , the probability of regular 

risk will be reduced by F(Ip
i
) . Generally, with an increase in investment, the abil-

ity of the absorption function will decrease accordingly, so in this study, a function 
F(I) = �

√
I is used to characterize the degree of risk absorption, where � indicates 

investment efficiency and I represents the amount of investment.
Preventive investment can reduce the probability of regular risk and thus miti-

gate the damage caused by such risk. Therefore, the reduction in the actual risk 
damage suffered by port users due to regular risk can be expressed as 
Dr

i
Pr
i
(1 − �p

√
I
p

i
) ± �

√
I
p

j
 , where �p indicates preventive investment efficiency; � 

indicates the strength of the cooperative or competitive relationship between the 
two ports; 𝛼p > 𝛽 > 0 . Dr

i
Pr
i
(1 − �p

√
I
p

i
) represents the damage suffered by the 

shippers after the preventive investment is made by port i ; and �
√

I
p

j
 represents 

the peer effect or the competition effect between the two ports, indicating the 
impact of the preventive investment of port j on port i . −�

√
I
p

j
 means that the 

Fig. 2  Decision-making process for the PAs
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peer effect caused by cooperative commercial relationships will inhibit the invest-
ment efficiency of PAs (Chen et al. 2018), whereas +�

√
I
p

j
 means that the compe-

tition effect caused by competitive commercial relationships will enhance the 
investment efficiency of PAs. To better demonstrate the degree to which the 
actual damage is reduced by the preventive investment, the reduction in the ship-
pers’ utility can be converted into Dr

i
Pr
i
− (Dr

i
Pr
i
�p

√
I
p

i
± �

√
I
p

j
) , where 

Dr
i
Pr
i
�p

√
I
p

i
± �

√
I
p

j
 is considered as additional utility enjoyed by the shippers. 

This additional utility is expressed as “the reduction in the expected regular risk 
damage of shippers.” Dr

i
Pr
i
 is composed of two dimensions of risk vulnerability, 

namely risk occurrence probability and damage caused by the risk (Kaplan and 
Garrick 1981; Berdica 2002), so Dr

i
Pr
i
 can be used to indicate the vulnerability of 

port i to regular risk. Since dry ports are generally located in inland multimodal 
corridors, it is reasonable to assume that the dry port is more sensitive to regular 
risk (e.g., congestion), that is, Dr

l
Pr
l
> Dr

s
Pr
s
.

With respect to disruption risk, the probability of occurrence cannot be reduced 
through preventive investment owing to the unexpectedness of the risk, but the 
potential damage caused by it can be reduced through adaptive investment. The 
reduction in shipper utility can be expressed as Dd

i
Pd
i
− (�a

√
Ia
i
± �

�
Ia
j
) , where 

Dd
i
Pd
i
 is the actual loss suffered by port i , namely the vulnerability of port i to dis-

ruption risk. Similar to regular risk, �a
√
Ia
i
± �

�
Ia
j
 gives “the reduction in the 

expected disruption risk damage of shippers,” where �a indicates adaptive invest-
ment efficiency, ±�

√
Ia
j
 indicates the peer effect or the competition effect, and 

𝛼a > 𝛽 > 0 . Seaports are generally located in coastal areas, low-lying areas, and 
estuaries, which makes them more sensitive to climate-change-related disruption 
risks such as floods or hurricanes. Therefore, it is reasonable to assume that the vul-
nerability of the seaport to disruption risk is greater than that of the dry port, namely 
Dd

l
Pd
l
> Dd

s
Pd
s
.

The PAs will make the most suitable investment decision according to their own 
operational conditions, geographical location, and other factors under their existing 
resource constraints. Specifically, due to the irreversibility and lumpiness of invest-
ments, ports that are vulnerable to climate-change-related risks, such as hurricanes, 
only make adaptive investments. For example, the low-lying Rotterdam seaport 
makes adaptive investments to address the risks brought by climate change. In 1954, 
the port adopted adaptive investment to build its Delta Works to address risks such 
as floods caused by rising sea levels (Xiao et al. 2015). Ports that are vulnerable to 
daily operational risks such as congestion only make preventive investments. For 
example, the Baltimore seaport responded to the risk of congestion, due to increased 
demand and ship sizes, by making preventive investments in additional berths and 
giant cranes (Fan et al. 2012). Therefore, it is assumed that, due to the preference 
for diverse risks, PAs can only make one type of investment decision (preventive 
investment or adaptive investment). Under the vertical cooperation and asymmet-
ric horizontal competition, the degree of damage absorption for shippers through 
investments in the seaport and dry port is expressed as in Table 1.
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At the operational stage, in the vertically cooperative relationship, the seaport 
authority first decides the THC fs charged to the dry port, and then the dry port 
authority charges their THC fl to shippers. It is assumed that the seaport–dry port 
system is a strategic alliance, which is vertically integrated. As a result, the THC 
charged by the seaport to the dry port can be regarded as exogenous, not affect-
ing the investment decisions of the ports. In the asymmetric horizontal competition, 
shippers choose between the seaport and the dry port, and then the seaport or the 
dry port directly transports handles the goods to their destination. For example, the 
Qingdao seaport ships goods to Europe by sea, and the Xi’an dry port transports 
goods to Europe through the CR Express.

Following Wang and Zhang (2018), the linear city model is used to obtain the 
demand Qi for the seaport and dry port (Fig. 3). Assume that the shippers are uni-
formly distributed in the common hinterland (between 0 and 1) of the seaport and 
dry port, with density 1. For a shipper located at d, the net utility of choosing port i 
can be expressed as V − fi − dc − DiPi+DiPi�p

√
I
p

i
± �

√
I
p

j
 for regular risk, or 

V − fi − dc − DiPi + �a
√
Ia
i
± �

�
Ia
j
 for disruption risk. The net utility of choosing 

port j can be expressed as V − fj − (1 − d)c − DjPj + DjPj�p

√
I
p

j
± �

√
I
p

i
 for regu-

lar risk, or V − fj − (1 − d)c − DjPj + �a

�
Ia
j
± �

√
Ia
i
 for disruption risk, where V  

indicates the total utility of the shipper, d refers to the distance between the location 
of shippers and the port, and c corresponds to the transportation cost per unit of dis-
tance. It can be inferred that the location of the indifferent shipper is 

d∗ =

[
c + fj − fi + DjPj − DiPi + (DiPi�p ± �)

√
I
p

i
− (DjPj�p ± �)

√
I
p

j

]/
(2c) for 

regular risk or d∗ = [c + fj − fi + DjPj − DiPi + (�a ± �)
√
Ia
i
− (�a ± �)

�
Ia
j
]
�
(2c) 

Table 1  Degree of damage 
absorption caused by diverse 
risks

Regular risk Disruption risk

Vertical cooperation
Dr

i
Pr
i
�p

√
I
p

i
− �

√
I
p

j
�a
√
Ia
i
− �

�
Ia
j

Asymmetric horizontal 
competition

Dr
i
Pr
i
�p

√
I
p

i
+ �

√
I
p

j
�a
√
Ia
i
+ �

�
Ia
j

Fig. 3  Utility of shippers along the linear city model
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for disruption risk. Because shippers are assumed to be uniformly distributed in a 
linear city model with density 1, the demand for port services at the operational 
stage can be represented as Qi = d∗ , Qj = 1 − Qi . Table 2 summarizes the parameter 
definitions and notations of the study.

4  Analysis

In this part, according to the two factors that affect port investment, i.e., risk diver-
sity and economic relations between ports, the research is divided into four scenar-
ios (Table 1). Then, the pricing decision at the operational stage and the investment 
decision at the strategic stage of the seaport and dry port authorities under different 
economic relations are elaborated by backward induction.

4.1  Investment decisions under a vertically cooperative relation

This section examines the preventive and adaptive investment decisions of vertically 
cooperative PAs, in which seaport and dry port face regular risk or disruption risk. 
The cooperative commercial relationship creates the peer effect, which makes the 
investment of one player negatively affect the investment enthusiasm of the other 
(Chen et al. 2018).

4.1.1  Case 1

In this case, vertically cooperative seaport and dry port authorities make preventive 
investment to address regular risk. During the operational stage, the net utility of the 
shipper in transporting the cargo to the dry port can be expressed as 

Table 2  Notational glossary

Parameter Definition

Dr
i
,Dd

i
Damage to shipper due to regular and disruption risks at port i

Pr
i
,Pd

i
Probability of regular and disruption risks at port i

I
p

i
,Ia
i

Preventive and adaptive investment at port i
F(I) Degree of risk absorption from investment I
�p,�a Investment efficiency of preventive and adaptive investment
� Strength of commercial relations between seaport and dry port
U Net utility of the shippers
V Total utility to shippers from using the port service
fi THC charged by port i
c Transport cost per unit distance
Qi Demand for port i
�i Profit of port i
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V − fl − dc − Dr
l
Pr
l
+ Dr

l
Pr
l
�p

�
I
p

l
− �

√
I
p
s  . In addition, the demand for the dry port 

is Q = d∗ =

�
V − fl − Dr

l
Pr
l
+ Dr

l
Pr
l
�p

�
I
p

l
− �

√
I
p
s

��
c . The demand for port ser-

vices is directly related to “the reduction in the expected regular risk damage of 
shippers” Dr

l
Pr
l
�p

�
I
p

l
− �

√
I
p
s  , the THC fl and the unit distance transportation cost 

c . Without loss of generality, we assume that the unit operating costs of seaport and 
dry port authorities do not affect their investment decision and are thus set equal to 
zero (Wang and Zhang 2018). Therefore, the profit of the dry port and seaport can 
be expressed as �l = (fl − fs)Q − I

p

l
 and �s = fsQ − I

p
s  , respectively, where fs is the 

THC charged by the seaport to the dry port. Since vertically cooperative seaports 
and dry ports can be regarded as vertically integrated, fs can be considered exoge-
nous. The objective is to maximize total profit of the PAs, and we obtain:

In the operational pricing stage, the preventive investments in the seaport and 
dry port have been completed. At this time, the dry port authority sets the THC 
fl charged to shippers so as to maximize total system profit (seaport and dry port 
together). By solving the first-order conditions, ��∕�fl = 0 , the equilibrium THC 
can be derived as:

where the second-order condition, 𝜕2𝜋
/
𝜕f 2

l
< 0 , is satisfied. The second-order 

conditions are verified for all of the following optimal solutions.
In the strategic investment stage, it is assumed that the seaport and dry port 

authorities simultaneously determine preventive investments to maximize profits. 
By substituting (2) into (1), we obtain:

Solve the first-order conditions, ��
/
�I

p

l
= 0 , ��

/
�I

p
s = 0 , which jointly derive 

the following preventive investments:

By substituting (4) into (2) and (3), we obtain

(1)� = �l + �s = flQ − I
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.
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,
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We can determine how the vulnerability of the dry port Dr
l
Pr
l
 , investment effi-

ciency �p , the intensity of cooperative commercial relationships � , and unit distance 
transportation costs c affect the preventive investments of the seaport and dry port. It 
can be easily seen that:

Intuitively, high investment efficiency and the strength of the cooperative com-
mercial relationship will promote preventive investment to regular risk, while high 
unit distance transportation costs will inhibit preventive investment. However, the 
signs of these two formulas, �Ip

l

/
�Dr

l
Pr
l
 and �Ips

/
�Dr

l
Pr
l
 , are not fixed.

The impact of vulnerability on investments depends on the signs of 
VDr2

l
Pr2
l
�2
p
+ 2Dr

l
Pr
l
�2 − 8cDr

l
Pr
l
+ 4Vc − V�2 and −Dr2

l
Pr2
l
�2
p
+ 2VDr

l
Pr
l
�2
p
− 4c + �2 . 

For the seaport, when 0 < 𝛽 <
√

4c − V2𝛼2
p
 , which means that the intensity of 

cooperative commercial relationships between the seaport and dry port is weak, 
𝜕I

p
s ∕𝜕D

r
l
Pr
l
< 0 for all Dr

l
Pr
l
 . When 𝛽 >

√
4c − V2𝛼2

p
 , which means that the intensity 

of the cooperative commercial relationship is strong, if 
0 < Dr

l
Pr
l
< V −

√
V2𝛼2

p
+ 𝛽2 − 4c

/
𝛼p , 𝜕I

p
s

/
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l
Pr
l
< 0 , and if V−√

V2𝛼2
p
+ 𝛽2 − 4c

/
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l
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< V  , 𝜕Ips

/
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l
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l
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For the dry port, when 0 < 𝛽 <
√

4c − V2𝛼2
p
 , if 

0 < Dr
l
Pr
l
< [−

√
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p
)−𝛽2 + 4c]

/
(V𝛼2

p
) , 𝜕Ip

l

/
𝜕Dr

l
Pr
l
> 0 , and 
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When 𝛽 >
√

4c − V2𝛼2
p
,𝜕Ip

l

/
𝜕Dr

l
Pr
l
> 0 for all Dr

l
Pr
l
.

Therefore, the peer effect can be expressed as:
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Clearly, the intensity of the cooperative relationship between the seaport and 
dry port affects positively the peer effect, and the impact of vulnerability on the 
peer effect can be expressed as:

where the sign of ��
√
I
p
s

�
�Dr

l
Pr
l
 is consistent with �Ips

/
�Dr

l
Pr
l
.

Lemma 1 In the vertically cooperative relationship, the vulnerability of the dry 
port to regular risk can suppress the peer effect, but a strong cooperative relation-
ship between the seaport and dry port can overcome the impact of high vulnerability 
on the peer effect.

The impact of vulnerability on the peer effect depends on the sign of 
−Dr2

l
Pr2
l
�2
p
+ 2VDr

l
Pr
l
�2
p
− 4c + �2 , which is consistent with the impact of vulnerabil-

ity on preventive investment in the seaport. Therefore, when 0 < 𝛽 <
√

4c − V2𝛼2
p
 , 

it can be deduced that 𝜕𝛽
√
I
p
s

�
𝜕Dr

l
Pr
l
< 0 for all Dr

l
Pr
l
 , which means that as the vul-

nerability increases, the peer effect is weakened. When 𝛽 >
√

4c − V2𝛼2
p
 , if 

0 < Dr
l
Pr
l
< V −

√
V2𝛼2

p
+ 𝛽2 − 4c

/
𝛼p,𝜕𝛽

√
I
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�
𝜕Dr
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Pr
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< 0 , if 

V −
√

V2𝛼2
p
+ 𝛽2 − 4c

/
𝛼p < Dr

l
Pr
l
< V  , 𝜕𝛽

√
I
p
s

�
𝜕Dr

l
Pr
l
> 0 , which means that, 

when the seaport and dry port have a strong commercial relationship, only moderate 
vulnerability can effectively suppress the peer effect. In general, strong vertical 
cooperation between seaports and dry ports will increase the difference in the scale 
of their preventive investment.

Proposition 1 Stronger commercial relationships will enhance the peer effect, 
thereby increasing the difference in preventive investment size between the seaport 
and dry port, but moderate vulnerability (Dr

l
Pr
l
= V −

√
V2�2

p
+ �2 − 4c

/
�p) to 

regular risk would weaken this impact

Since the peer effect will inhibit the investment enthusiasm of cooperative 
ports, it will enlarge the difference in preventive investment between the seaport 
and dry port. When the commercial relationship between the two ports is strong, 
the active investment of one player is more likely to cause the other to hold back 
towards free-riding and reduce its investment, which increases the peer effect 
and widens the preventive investment size difference between the two ports. For 
example, if the horizontal cooperation relationship between the Chengdu dry port 
and the Shanghai seaport is very strong, the preventive investment of Chengdu 
can alleviate the regular risk of, say, congestion in the downstream Shanghai port, 
which will lead to a decrease in its preventive investment.
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4.1.2  Case 2

In this case, vertically cooperative seaport and dry port make adaptive investment deci-
sions to address disruption risk. Similar to case 1, the net utility of the shipper can 
be expressed as V − fl − dc − Dd

l
Pd
l
+ �a

√
Ia
l
− �

√
Ia
s
 , the demand for dry port ser-

vices is Q = d∗ = (V − fl − Dd
l
Pd
l
+ �a

√
Ia
l
− �

√
Ia
s
)
�
c , and the total profit of the port 

is � = flQ − Ia
l
− Ia

s
 . By solving the first-order condition, ��∕�fl = 0 , the equilibrium 

THC can be derived as:

Profit can then be expressed as:

Solving the first-order conditions, ��
/
�Ia

l
= 0 , ��

/
�Ia

s
= 0 , jointly derive the fol-

lowing preventive investments:

By substituting (13) into (11), we obtain fl = (2c − �2)(V − Dd
l
Pd
l
)
/
(4c − �2

a
− �2) . 

In addition, we can determine how adaptive investment efficiency �a , the cooperative 
relationship strength � , and unit distance transportation cost c affect the adaptive invest-
ment of the two ports. It can be easily seen that:

From these results, we can see that the changes in adaptive investments to address 
disruption risk are consistent with the preventive investments in case 1, except for 
vulnerability Dd

l
Pd
l
 . Adaptive investments by both ports decrease, as vulnerability 

increases, regardless of the strength of the commercial relationship.
Similar to case 1, the peer effect can be expressed as:
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Lemma 2 In the vertical economic relationship, the vulnerability of dry ports to 
disruption risk can suppress the peer effect, and the greater the vulnerability is, the 
weaker the peer effect.

It is obvious that 𝜕𝛽
√
I
p
s

�
𝜕𝛽 > 0 , 𝜕𝛽

√
I
p
s

�
𝜕Dd

l
Pd
l
< 0 . Therefore, the strength of 

the cooperative relationship between the seaport and dry port affects positively the 
peer effect, while the vulnerability of the dry port to disruption risk affects nega-
tively the peer effect. As mentioned above, DiPi represents the vulnerability of ports 
to risks. Based on the characteristics of high probability and low damage of regular 
risks and low probability and high damage of disruption risk, it is reasonable to 
assume that Dd

i
Pd
i
≈ Dr

i
Pr
i
 , which means that a given port is approximately equally 

vulnerable to regular risk and disruption risk. Therefore, by comparing (9) and (15), 
it can be deduced that, when DiPi > 𝛼a

/
𝛼p , the peer effect of the adaptive invest-

ment process is smaller than that of the preventive investment process.

Proposition 2 In the vertically cooperative relationship, the peer effect has a 
greater impact on preventive investment than on adaptive investment, especially 
when vulnerability is relatively high.

The peer effect is also known as the free-riding problem. Compared with regu-
lar risk, investment in disruption risk mitigation is generally time-consuming and 
costly, which will inhibit the occurrence of free-riding to some extent. For exam-
ple, due to the North Sea Flood of 1953, the Netherlands invested in infrastructure 
such as dams and storm surge barriers to protect the land, which took 44 years, until 
1997, to complete. However, due to climate change and sea-level rise, the project 
committee proposed an additional 100 billion euros in investment to address these 
new challenges (Xiao et al. 2015). Besides, to cope with rising sea levels, frequent 
floods, and storm surges, Venice launched the mobile barriers (MOSE) project in 
2003, which aims to protect the city from flooding by building movable sluices on 
the seafloor. Due to the size of the project, it was not actually put into use until Octo-
ber 2020 (Umgiesser 2020). Apparently, such risk cannot be completely resolved 
by free-riding. Moreover, when the strength of the cooperative relationship is high, 
greater vulnerability will enhance the peer effect of preventive investment and 
inhibit the peer effect of adaptive investment. Therefore, the peer effect has a greater 
impact on preventive investment, and the process of preventive investment is more 
prone to free-riding.

Proposition 3 For a vertical seaport–dry port system facing diverse risks, it is 
cost-efficient for ports with high vulnerability to choose adaptive investment and 
ports with low vulnerability to choose preventive investment.

According to (4) and (13), in the vertically cooperative relationship, the 
size of preventive and adaptive investments depends on DiPi�p and �a . When 
DiPi > 𝛼a

/
𝛼p(DiPi < 𝛼a

/
𝛼p ), preventive investment is greater (smaller) than adap-

tive investment, which means that the cost of preventive investment for highly 
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vulnerable ports is greater than that of adaptive investment when facing uncertain 
risks. Therefore, for the vertically cooperative relationship, if ports cannot deter-
mine the type of investment owing to the diversity of risks, it is better to choose 
adaptive investment for ports with high vulnerability and preventive investment 
for ports with low vulnerability. For example, the low-lying Rotterdam seaport 
is more vulnerable to climate-change-related risks such as the sea-level rise and 
responds to climate-change-related disruption risks through adaptive investment 
(the Delta Works) (Xiao et al. 2015), while the less vulnerable Baltimore seaport 
chooses to make preventive investments such as setting up berths based on the 
demand for ultra-large cargo ships to ease congestion (Fan et al. 2012).

4.2  Investment decisions under asymmetric horizontal competition

In this section, the commercial relationship between the seaport and dry port 
authorities is horizontal competition. As competitive seaports and dry ports now 
compete for shippers in the common hinterland, they both want to gain a competi-
tive advantage through investment, which leads to a competition effect between 
them. Therefore, the competition effect positively affects the investment enthusi-
asm of ports (Wang and Zhang 2018). Moreover, unlike previous studies, which 
assumed that the two seaports show the same vulnerability to risk (Wang and 
Zhang 2018; Randrianarisoa and Zhang 2019), this study adopts the more real-
istic assumption of asymmetric vulnerability. This means that seaport and dry 
port authorities have an asymmetric horizontal competition relationship. There-
fore, the preventive and adaptive investment decisions of the seaport and dry port 
authorities in the face of regular risk and disruption risk under the asymmetric 
horizontal competition are analyzed in this part.

4.2.1  Case 3

In this case, competing seaport and dry port authorities make preventive invest-
ment decisions in response to regular risk. A shipper located at point d can choose 
the seaport or dry port to provide services. The utility of choosing the dry port 
can be expressed as Ul = V − fl − dc − Dr

l
Pr
l
+ Dr

l
Pr
l
�p

�
I
p

l
+ �

√
I
p
s  , and the utility 

of choosing the seaport can be expressed as 
Us = V − fs − (1 − d)c − Dr

s
Pr
s
+ Dr

s
Pr
s
�p

√
I
p
s + �

�
I
p

l
 . Therefore, the location d∗ 

where shippers are indifferent between using either port can be derived from (16).

Therefore, the demand for the seaport and dry port services can be expressed 
as:
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In the operational stage, the preventive investments of the PAs have been com-
pleted. The profit of the seaport authority is �s = fsQs − I

p
s  , and the profit of the 

dry port authority is �l = flQl − I
p

l
 . At this stage, the PAs decide to charge shippers 

THC fs and fl to maximize profits. Solving the first-order conditions, ��s∕�fs = 0 , 
��l∕�fl = 0 , jointly derives the following THC:

In the strategic investment stage, it is assumed that seaport and dry port authori-
ties simultaneously determine preventive investments to maximize profits. Substitut-
ing fl , fs into �l , �s , and solving the first-order conditions, ��l

/
�I

p

l
= 0 , ��s

/
�I

p
s = 0 , 

jointly derives the following preventive investments of the dry port and seaport:

To obtain clearer economic insights from (19), a simulation is conducted to better 
understand the changes in preventive investments by the seaport and dry port. Based 
on previous studies (Stern 2007; Wang et al. 2020), we set the vulnerability Dr

i
Pr
i
 and 

the commercial relationship (intensity of competition) � to [0,1], and let c = 0.5 . In 
addition, the robustness of the results is verified by making �p = 0.3, 0.6, 0.9 , where 
different �p values reflect different investment efficiencies. The results are shown in 
Figs. 4 and 5, where the smaller the preventive investment is, the darker the color.

As seen from Figs. 4 and 5, the three results obtained with different investment 
efficiencies ( �p = 0.3, 0.6, 0.9 ) almost overlap in each figure, which proves the 
robustness of the results. According to Fig. 4a and Fig. 5a, the greater the vulner-
ability of the seaport (dry port) to regular risk, the greater the preventive investment 
in the dry port (seaport) regardless of the intensity of competition. Figures 4b and 
5b show that, when the intensity of competition is weak, the greater the vulnerabil-
ity to regular risk of the dry port (seaport) is, the greater the preventive investment 
of the dry port (seaport). When the intensity of competition is high, the preventive 
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investment in the dry port (seaport) decreases with the increasing vulnerability of 
the dry port (seaport).

Therefore, in the asymmetric horizontal seaport–dry port system, a lower vul-
nerability of the seaport (dry port) to regular risk and a higher vulnerability of a 
dry port (seaport) will exacerbate the competition effect when the competitive inten-
sity is high. In general, a lower competitive intensity will suppress the competition 
effect, which is intuitive. However, for a higher competitive intensity, the competi-
tive effect is affected by the vulnerability of both the seaport and dry port to regular 
risk. For example, a low vulnerability of the dry port (Fig. 4b) and a high vulner-
ability of the seaport (Fig. 4a) will expand the competitive advantage of the port, 
thereby enhancing the competitive effect by increasing preventive investment.

Moreover, the asymmetric horizontal competition will widen the difference in 
preventive investment size between the seaport and dry port, and a lower intensity 
of competition will alleviate this difference. The asymmetry is mainly manifested 

Fig. 4  Impact of vulnerability change on preventive investment by the dry port

Fig. 5  Impact of vulnerability change on preventive investment by the seaport
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by the asymmetric vulnerability of the seaport and dry port to risks. According to 
(19), when Dr

l
Pr
l
= Dr

s
Pr
s
 , the seaport and dry port will make equal preventive invest-

ments, which is consistent with the system consisting of two seaports. However, as 
noted above, an inland dry port is more sensitive to regular risk such as conges-
tion, and the existence of dry ports can alleviate seaport congestion, so it is assumed 
that Dr

l
Pr
l
> Dr

s
Pr
s
 . Therefore, according to Lemma 3, in the case of high competitive 

intensity, a lower vulnerability of the seaport and a higher vulnerability of the dry 
port will intensify the competition effect faced by the seaport and thus increase its 
investment. In contrast, it will inhibit the competition effect faced by the dry port 
and reduce its investment, thereby widening the difference in preventive investment 
size between the seaport and dry port. Lower competitive intensity will moderate the 
competition effect, which will ease the differences in preventive investment between 
the seaport and dry port.

4.2.2  Case 4

In this case, competing seaport and dry port authorities make adaptive invest-
ment decisions against regular risk. Similar to case 3, the utility of choos-
ing the dry port can be expressed as Ul = V − fl − dc − Dd

l
Pd
l
+ �a

√
Ia
l
+ �

√
Ia
s
 , 

and the shippers’ utility of choosing the seaport can be expressed as 
Us = V − fs − (1 − d)c − Dd

s
Pd
s
+ �a

√
Ia
s
+ �

√
Ia
l
 . The marginal location of shippers 

d∗ can be derived as:

Therefore, the demand for the seaport and dry port services can be expressed as:

At the operational stage, the adaptive investments of PAs have been com-
pleted. The profit of the seaport authority is �s = fsQs − Ia

s
 , and the profit of the 

dry port authority is �l = flQl − Ia
l
 . Solving the first-order conditions, ��s∕�fs = 0 , 

��l∕�fl = 0 , jointly derives the following THC:
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(21)

⎧⎪⎪⎨⎪⎪⎩

Ql =
1

2
+

fs − fl + (�a − �)(
√
Ia
l
−
√
Ia
s
) + (Dd

s
Pd
s
− Dd

l
Pd
l
)

2c

Qs =
1

2
−

fs − fl + (�a − �)(
√
Ia
l
−
√
Ia
s
) + (Dd

s
Pd
s
− Dd

l
Pd
l
)

2c

.

(22)

⎧⎪⎪⎨⎪⎪⎩

fl =
3c + (�a − �)(

√
Ia
l
−
√
Ia
s
) + (Dd

s
Pd
s
− Dd

l
Pd
l
)

3

fs =
3c − (�a − �)(

√
Ia
l
−
√
Ia
s
) − (Dd

s
Pd
s
− Dd

l
Pd
l
)

3

.
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Substituting fl , fs into �l , πs , and solving the first-order conditions, ��l
/
�Ia

l
= 0 , 

��s
/
�Ia

s
= 0 , jointly derives the following adaptive investments:

By substituting (23) into the THC function and profit function, we can obtain:

Proposition 4 In the horizontally competitive economic relation, the profit and 
THC of the dry port authority are greater than those of the seaport authority, and 
the asymmetry will widen this difference.

Due to its geographic location, the seaport is more sensitive to climate-change-
related disruption risk, so it is reasonable to assume that the seaport is more vulnerable 
to disruption risk than the dry port, namely Dd

l
Pd
l
< Dd

s
Pd
s
 . Therefore, it can be derived 

that the THC and profit of the dry port are less than those of the seaport ( fl > fs , 
𝜋l > 𝜋s ) according to (24) and (25). Moreover, the asymmetry is mainly manifested 
by the asymmetric vulnerability of the seaport and dry port. Obviously, the greater the 
asymmetry ( Dd

l
Pd
l
− Dd

s
Pd
s
 ) between the seaport and dry port, the greater the difference 

in THC and profit between the seaport and the dry port.
Similar to case 3, the following comparative statics are calculated to depict the 

impact of vulnerabilities on adaptive investments.

(23)

⎧
⎪⎪⎨⎪⎪⎩

Ia
l
=

(�a − �)2[9c − (�a − �)2 − 3(Dd
l
Pd
l
− Dd

s
Pd
s
)]2

[54c − 6(�a − �)2]2

Ia
s
=

(�a − �)2[9c − (�a − �)2 + 3(Dd
l
Pd
l
− Dd

s
Pd
s
)]2

[54c − 6(�a − �)2]2

.

(24)

⎧
⎪⎪⎨⎪⎪⎩

fl =
c[9c − (�a − �)2 − 3(Dd

l
Pd
l
− Dd

s
Pd
s
)]

9c − (�a − �)2

fs =
c[9c − (�a − �)2 + 3(Dd

l
Pd
l
− Dd

s
Pd
s
)]

9c − (�a − �)2

.

(25)

⎧⎪⎪⎨⎪⎪⎩

�l =
[18c − (�a − �)2][9c − (�a − �)2 − 3(Dd

l
Pd
l
− Dd

s
Pd
s
)]2

36[9c − (�a − �)2]2

�s =
[18c − (�a − �)2][9c − (�a − �)2 + 3(Dd

l
Pd
l
− Dd

s
Pd
s
)]2

36[9c − (�a − �)2]2

.

(26)
𝜕Ia

l

Dd
l
Pd
l

< 0,
𝜕Ia

l

Dd
s
Pd
s

> 0,
𝜕Ia

s

Dd
s
Pd
s

< 0,
𝜕Ia

s

Dd
l
Pd
l

> 0.
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Proposition 5 In the horizontal seaport–dry port system, the low vulnerability of a 
port and the high vulnerability of the competing port to disruption risk can promote 
the competition effect regardless of the intensity of competition.

According to (26), the low vulnerability of a port and the high vulnerability of 
the competing port will promote the adaptive investment of the port in the horizon-
tal competition, thereby enhancing the competition effect. Therefore, in a horizon-
tal seaport–dry port system, the adaptive investment decisions of ports are not only 
related to their vulnerability to disruption risk but also influenced by the vulnerabil-
ity of competing ports.

Proposition 6 For a horizontal seaport–dry port system facing uncertain risks, it 
is cost-efficient to choose adaptive investments for ports with higher vulnerability 
(Dr

i
Pr
i
> 𝛼a

/
𝛼p) but lower vulnerability (Dr

j
Pr
j
< 𝛼a

/
𝛼p) for competitors and preven-

tive investment for ports with lower vulnerability but higher vulnerability for 
competitors.

Similar to the vertically cooperative relationship, the size of preventive and adap-
tive investments in the seaport and dry port depends on Dr

i
Pr
i
�p and �a in the hori-

zontal competition according to (19) and (23). When Dr
i
Pr
i
> 𝛼a

/
𝛼p and 

Dr
j
Pr
j
< 𝛼a

/
𝛼p , the preventive investment of port i is greater than the adaptive invest-

ment, where Dr
j
Pr
j
 is the vulnerability of the competing port. Therefore, under this 

circumstance, for ports facing uncertain risks, choosing preventive investment can 
achieve profit maximization with less investment. Unlike the vertically cooperative 
relationship, the investment is not only related to the vulnerability of the port but is 
also affected by the vulnerability of competing ports in the system. Therefore, when 
port authorities make preventive investment decisions, players under vertically 
cooperative economic relations should consider not only their own vulnerability but 
also that of others. This illustrates the importance of sharing relevant information 
such as vulnerability among players in a vertically cooperative economic 
relationship.

5  Conclusions

This research proposes a two-stage game to simultaneously study the preventive and 
adaptive investments of seaport and dry port authorities under different risks and 
economic relationships among the two ports. This study contributes to the extant lit-
erature in the following ways: (i) it identifies the preventive and adaptive investment 
of the vertically cooperative and horizontally competing seaport–dry port systems 
against regular and disruption risks; (ii) it incorporates in the model the interaction 
effects between seaports and dry ports due to vertical cooperation and horizontal 
competition; (iii) it examines the impact of the interaction effect, asymmetry, and 
the diversity of risks in the seaport–dry port system on preventive and adaptive 
investments.
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The results of this study emphasize the importance of considering vertically 
cooperative and horizontally competing economic relations and diverse risks in pre-
ventive and adaptive investment decisions. Our findings provide managerial insights 
into the decision-making and policy-making efforts of seaport and dry port author-
ities. First, in the process of investment decision-making by seaport and dry port 
authorities, we show that it is necessary to identify the main type of risks facing 
ports, to determine whether to make preventive investments, to address regular risk, 
or adaptive investments to deal with disruption risk. Under resource constraints, PAs 
need to choose targeted investments based on the types of risks they face. For exam-
ple, the low-lying Rotterdam seaport is vulnerable to climate-change-related risks, 
such as the rise of sea level, and responds to such risks through adaptive investments 
(the Delta Works) (Xiao et al. 2015). Facing the demand for ultra-large container-
ships, Baltimore seaport has made preventive investments, such as setting up berths 
to cope with the risk of congestion in daily operations (Fan et al. 2012).

Second, although the pursuit of closer cooperation between the seaport and the 
dry port, in the vertically cooperative relationship, can strengthen the connection 
between the seaport and its hinterland, it is not always advisable to blindly pur-
sue intensive vertical cooperation. For example, although the vertical cooperation 
between the Chengdu dry port and the Shanghai seaport can advance the Yangtze 
River Economic Belt and strengthen the links between the seaport and its hinter-
land, excessive vertical integration of the two ports, located in the upper and lower 
reaches of the Yangtze River Basin, will enable Shanghai to use the infrastructure 
investment of the Chengdu dry port to relieve congestion. Free-rider decisions such 
as this may need careful consideration in the further development of “port systems.”

Third, in view of the complex economic relationships between ports, when mak-
ing investment decisions, players must not only consider their own situation but also 
make adjustments based on the situation of others. In reality, many ports take the 
risk-mitigating infrastructure investment as the means to enhance their competitive-
ness, but the ports that cannot effectively control the risk will lose the correspond-
ing competitive advantage. For example, the Port of Kobe in Japan failed to effec-
tively adapt to the Great Hanshin Earthquake in 1995 and suffered heavy losses after 
the earthquake. The 2-year recovery period deprived it of most of its transshipment 
cargo to competing Asian ports, as well as its competitive advantage for a long time 
to come (Chang 2000).

This study identifies some avenues for future research. First, to analyze the 
important characteristics of cooperative and competitive markets, we consider a 
two-player game in the seaport–dry port system, which can shed light on multiplayer 
games. Therefore, the practical market structure of one seaport corresponding to 
multiple dry ports deserves to be pursued in future studies. Second, it is assumed 
that PAs can only make one of the preventive or adaptive investments owing to 
resource constraints, which, in reality, does not apply to all seaports and dry ports. 
Some PAs may carry out both preventive investment and adaptive investment at the 
same time. Therefore, for seaports and dry ports that face multiple risks, whether 
there is a tradeoff in investment decisions that enables ports to achieve both the opti-
mal preventive investment to address regular risk and the optimal adaptive invest-
ment to address disruption risk needs further exploration.
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