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Biological invasions often result from transfers of organisms during trade activities. In coastal ecosystems, commercial ships are a dominant source of species transfers globally, and ships’ ballast water (BW) is a major focus of biosecurity management and policy to reduce invasions. While trade drives shipping patterns, diverse vessel types and behaviors exist such that the quantitative relationship between trade and BW dynamics is still poorly resolved, limiting both science and management. Here, we evaluated a new method to predict BW discharge using trade data, by explicitly considering known BW practices according to vessel and commodity type. Specifically, we estimated the relationship between tonnage of overseas exports and BW discharge volume for San Francisco Bay (SFB), California, as a model system to demonstrate this approach. Using extensive datasets on shipborne exports and BW discharge, we (a) evaluated spatial and temporal patterns across nearly 20 ports in this estuary from 2006 to 2014 and (b) developed a predictive model to estimate overseas BW discharge volume from foreign export tonnage for the whole estuary. Although vessel arrivals in SFB remained nearly constant from 2006 to 2014, associated tonnage of exported commodities more than doubled and BW discharge more than tripled. Increased BW volume resulted from increased frequency and per capita discharge of bulk carriers from Asia and tankers from western Central America and Hawaii, reflecting shifts in direction of commodity movement. The top 11 export commodities (59% of total export tonnage) were transported on bulk carriers or tankers. In a multivariate linear model, annual tonnage of these top 11 export commodities by vessel type were strong predictors of total bay-wide overseas BW discharge (adjusted R2 = 0.92), creating the potential to estimate past or future BW delivery in SFB. Bulk export tonnage provides valuable insights into BW flux, since most BW discharge to ports is driven by trade of bulk commodities and the behavior of bulk and tank ships. BW discharge data are unavailable for many regions and time periods, whereas trade data are widely available and can provide a reliable proxy estimate of BW volume and geographic source, which are both critical to evaluate invasion risk.
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INTRODUCTION

Biological invasions by non-indigenous species (NIS) are a leading cause of ecological change and economic impact (Mack et al., 2000; Pysek and Richardson, 2010), and no global region is immune to invasions. In marine ecosystems, coastal bays and estuaries are hotspots for invasions as centers of human populations, creating focal points for the transfer of organisms via trade (Ruiz et al., 2000a). Over the past century, the growth and expansion of transportation, commerce, and accompanying development in coastal areas positively influence risk of invasion (Hulme, 2009; Dafforn et al., 2015), with the degree of international trade a key measure of a country’s NIS abundance (Westphal et al., 2008).

Although global trade includes several mechanisms or vectors that transfer coastal organisms among geographic regions, commercial ships connect ports throughout the world and are a dominant source of invasions resulting from vast numbers of organisms moved by ballast water (BW) and hull biofouling (Ruiz et al., 2000b, 2011; Bailey et al., 2020). BW is used to maintain vessel stability, draft, and trim. Water taken on in one port or location entrains a diverse community of organisms that are discharged at subsequent ports of call, creating a large-scale transfer of organisms that can colonize new bioregions. A large ship can transfer more than 50,000 metric tons of BW across oceans in 8–10 days, typically sourced in coastal ports, and the United States alone receives over 180 million metric tons of BW from overseas vessels each year (National Ballast Information Clearinghouse, 2016). Most of this BW is delivered by bulk and tank cargo vessels, which transport bulk dry and liquid commodities, respectively. These vessel types generally deliver bulk commodities in one direction and return without cargo in the opposite direction, carrying BW to maintain stability. As a result, bulk commodity vessels often contribute the majority of BW to ports compared to other vessel types, such as containerships or cruise ships that carry cargo on each voyage (Verling et al., 2005; Minton et al., 2015; Davidson et al., 2018). Due to such differences in vessel operations among ship types, total vessel arrivals are often not a good proxy for BW deliveries in space or time, whereas the volume of BW received at a port may often be linked intrinsically to the volume of commercial bulk exports, such as oil (crude and refined), grain, or coal (Carney et al., 2017).

Although not a precise predictor, greater volumes of BW discharge are expected to result in greater propagule supply and likelihood of introducing NIS (Minton et al., 2005; National Research Council, 2011). As a result, changes in the scale and direction of trade can have direct consequences on the transport and introduction of NIS across space and time, and such changes are linked directly to the flux of commodities among ports. Furthermore, both frequency and magnitude of organism transfers, or propagule pressure, are expected generally to increase invasion likelihood (Simberloff, 2009; National Research Council, 2011). However, maritime trading partners do not all present equal probability of invasions. Ports located in environmentally similar regions are often prone to successful exchange of species, such as the western United States and China (Meyerson and Mooney, 2007). Thus, assessments of vector strength, trade partners, and environmental match are often used to evaluate potential changes in NIS risk (Gibbs and Browman, 2015).

While several countries require vessels to report data on volume and source of BW discharges, such data are not yet collected and available in most countries (e.g., Zhang et al., 2017). Even where present, these data sets began in the late 1990s. Thus, comprehensive data is rare for most countries and ports around the world and is truly limited to the past few decades even when available. This paucity of BW data in most global regions in space or time limits understanding of quantitative relationships between shipping and invasions that are desired in both invasion science and management.

To date, few studies have used trade data to evaluate its quantitative relationship with BW delivery and the possible application of predicting changes in BW discharge volumes over time (Carney et al., 2017; Holzer et al., 2017). Here, we combine extensive data on vessel arrivals, BW discharge volume, and cargo import/export data to evaluate the relationship between trade and BW delivery over 9 years in San Francisco Bay (SFB), California, a highly invaded estuary with diverse commercial shipping. Our approach explicitly considers differences in the operational profile of different vessel types, with respect to BW and cargo, and measured changes in BW discharge frequency, volume, and source region as key variables in invasion dynamics. This approach has potential broad application to predict BW delivery in diverse regions or time periods where trade data are available.



MATERIALS AND METHODS


Study Site

San Francisco Bay is a large estuary located in central coastal California, United States, that has nearly 20 commercial shipping ports frequented by foreign and domestic vessel traffic, ranging from San Francisco and Oakland in the lower bay to Sacramento and Stockton in the upper estuary.

The area is home to roughly 7.5 million people with a diverse range of aquatic habitats and associated biota (Cloern and Jassby, 2012). The estuary receives freshwater input from the Sacramento and San Joaquin Rivers, which transport runoff from 40% of California’s surface area (Nichols et al., 1986), though the volume of freshwater input varies annually and water is often diverted or dammed before reaching the estuary (Cohen and Carlton, 1998). The upper reaches of the estuary, including Suisun Bay and eastward, are low salinity, nutrient rich, turbid waters with limited primary production. The lower bay is also rich in nutrients but conversely is a high salinity, high productivity area with large tidal influences (Cloern and Jassby, 2012).



Vessel Traffic and Ballast Water Delivery Data

To examine BW discharge and vessel arrival patterns to SFB over time, we extracted data from the National Ballast Information Clearinghouse1 (NBIC) for a 9-year period from 2006 through 2014 (National Ballast Information Clearinghouse, 2016). Following 2004, nearly every commercial vessel operating in United States waters was required to submit a Ballast Water Management Reporting Form to the NBIC at each arrival, and the NBIC estimates that compliance with the reporting requirements is approximately 94% nationwide. The data collected on these forms includes BW source and discharge locations and volumes, arrival locations, vessel types, and presence/absence of BW management. We characterized BW that was sourced and vessels that arrived from beyond the 200 nautical mile exclusive economic zone (EEZ) as overseas, and BW that was sourced and vessel that transited solely within the EEZ were characterized as coastwise.

While we examined all commercial vessels, we focused particular attention on bulk and tank vessels arriving from overseas, since these vessel types were expected to deliver most of the BW. For these two vessel types, we examined the distribution of arrivals and BW discharge among SFB dominant arrival ports, which differ in salinity characteristics, including: Alameda, Antioch, Benicia, Carquinez, Concord, Crockett, Martinez, Oakland, Pittsburg, Redwood City, Richmond, Rodeo, Sacramento, San Francisco, San Rafael, Stockton, and Suisun Bay. Further, we identified dominant overseas source bioregions for bulk and tank vessel traffic to SFB. For bulk carriers, these bioregions were EAS-1 through EAS-VIII (East Asian Seas) and NWP-1 through NWP-5 (North West Pacific), and included the countries of China, Indonesia, Japan, North Korea, South Korea, Thailand, Taiwan, Vietnam, Malaysia, Singapore, and Philippines. For tankers, the following bioregions were dominant overseas sources: NEP-VI through NEP-IX (North East Pacific) and SEP-H (South East Pacific) along the west coast of Central America (Figure 1; Kelleher et al., 1995).
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FIGURE 1. Total ballast water (BW) discharged in San Francisco Bay (SFB) by source bioregions, from 2006 through 2014, (A) bulk carriers and (B) tankers. Cumulative discharge volume (m3) per source bioregion is indicated by color. Bioregions outlined in black on each map represent those considered Asia and western Central America (upper and lower, respectively) and shown in Table 1.




TABLE 1. The proportion of vessel arrivals and ballast water discharge to San Francisco Bay from (A) overseas bulk carriers (bulkers) from Asia and remaining bioregions, and (B) overseas tankers from Central America and remaining bioregions.
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Trade Data

To examine spatial and temporal trade patterns to ports in SFB, we extracted data from USA Trade Online, a publicly available online database provided by the US Census Bureau2, over the same 9-year period (USA Trade Online, 2019). The database provided annual and monthly measures of import and export commodities for the ports of Alameda, Carquinez Strait, Crockett, Martinez, Oakland, Redwood City, Richmond, Sacramento, San Francisco, and Stockton, however, data for Sacramento was not available after 2010. Commodity data were categorized using the Harmonized Commodity Description and Coding Systems (HS codes) introduced in 1988. These classification codes consist of a series of two-digit chapters (e.g., 27: Mineral Fuels, Mineral Oils and Products of their Distillation; Bituminous Substances; Mineral Waxes) containing four- and six-digit subcategories with increasing resolution (e.g., 271019 Petroleum oils and oils from bituminous minerals, not containing biodiesel, not crude, not waste oils). Based on the spatial heterogeneity in arrivals and discharge by vessel type, we identified the commodities (six-digit codes) associated with bulk and tank vessels in each port.



Analyses

We assessed the contribution of various vessel types to arrivals and BW discharge over the 9-year period to SFB. For bulk and tank vessels, we estimated the total BW discharge volume, frequency of discharge, and per capita discharge per year. In addition, we identified the relative contribution of discharge by bulk and tank vessels according to both BW source and discharge port in SFB.

Using a combination of data from the NBIC and USA Trade Online, we developed a linear model for SFB that estimates the relationship between the tonnage of exports transported by bulk and tank vessels and the total volume of overseas BW discharge. Trade statistics were unavailable for some ports for which BW data were available (Benicia, Concord, Pittsburg, Rodeo, and Suisun Bay).




RESULTS


Arrivals and BW Discharge by Ship Type

From 2006 through 2014, SFB received a reported 33,558 arrivals and 55,584,402 m3 of BW. The number of annual arrivals remained consistent through time (3,729 ± 141, mean ± standard deviation) and was dominated by coastwise vessels (79%). Container, tank, and bulk vessels were the primary types to call on ports in SFB. In sharp contrast, the volume of BW discharge increased 84% over the 9-year period. While coastwise BW discharge declined slightly, the volume of overseas BW more than tripled by 2014 (Figure 2). Bulk and tank vessels discharged most BW, and these two vessel types accounted for 87% of the total volume and 91% of the overseas volume.
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FIGURE 2. Annual contributions of overseas and coastwise ballast water discharge (bars) and arrivals (lines) to San Francisco Bay by commercial vessels.


The growth in reported BW discharge from overseas sources was driven specifically by bulk and tank vessels. While the number of overseas bulk and tank vessel arrivals fluctuated little during our study period (Figure 3A), the cumulative annual volume of overseas BW discharged by each vessel type increased over 5-fold across the 9 years (Figure 3B). This temporal growth was the combined result of a dramatic increase in the number and proportion of discharging vessels (Figure 3C) and a rise in the mean volume per vessel discharge (Figure 3D).
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FIGURE 3. Annual variation by vessel type for overseas (A) arrivals, (B) ballast water discharge, (C) percentage discharging arrivals, and (D) mean discharge volume of those vessels reporting discharge to San Francisco Bay. Error bars in panel (D) represent standard error. Panels (C,D) show growth in bulk carriers (bulkers) and tankers only.




BW Source Regions and Recipient Ports

Ballast water from bioregions of eastern Asia adjacent to Japan, China, and South Korea accounted for 70% of all overseas bulk carrier discharge (Figure 1A). The observed overall increase in BW discharge by bulk carriers in SFB (Figure 3B) was caused largely by a growing contribution of vessels from Asia, and primarily China (Supplementary Figure 1A). While the contribution of bulk carrier arrivals from Asia fluctuated between 62 and 76% of total arrivals (across all regions), the frequency of discharging vessels increased three-fold from Asia across the 9 years, accounting for 80–90% of all discharge events by bulk carriers from 2008 to 2013 (Table 1A), and the percent of discharging vessels was much higher than that of other source regions.

In contrast, the Pacific coast of Central America was the dominant source region of overseas BW discharge for tankers (Figure 1B), representing 53% of total volume discharged to SFB by overseas tank vessels from 2006 through 2014. The annual discharge volume from this source region grew more than four-fold over the 9 years, with most coming from Mexico (Supplementary Figure 1B). The increasing contribution of BW from Central America resulted from both an increase of vessel arrivals and percent discharging from this region (Table 1B). Hawaii was also a major source region for BW discharge by tankers arriving to SFB across years (Figure 1B), but the relative contribution to annual arrivals and BW discharge was smaller than Central America and declined over time (Supplementary Table 1).

It is also noteworthy that the overseas arrivals and BW discharge in SFB differ among specific ports and show a broad regional pattern with respect to the estuary’s salinity gradient (Figure 4). Bulk vessels tended to call on ports in the upper estuary such as Benicia, Pittsburg, Stockton, and Sacramento where bulk exports of rice to Japan, coal to Mexico, and iron ore to China were most common. This low salinity area received two-third of overseas bulk carrier BW discharged in SFB (Figure 4B). Conversely, tankers frequently called on ports in the lower bay such as Richmond and San Francisco, where exports of oil to Central America were common. This high salinity area received two-thirds of the Bay’s overseas BW discharge from tankers (Figure 4B).
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FIGURE 4. The relative contribution of vessel type to (A) total overseas vessel arrivals and (B) overseas ballast water discharge to ports within San Francisco Bay from 2006 through 2014. Scale is shown in bottom left of each figure for arrivals (A) and discharge (B).




Relationship of Change in Trade to BW Discharge Volume

The change in overseas BW discharge by bulk and tank vessels was directly related to (and driven by) increased export of bulk commodities. Overall, there were nearly 4,500 six-digit export commodities from ports within SFB, and total tonnage of these exports increased annually and more than doubled from 2006 through 2014. The top eleven commodities by tonnage were bulk commodities, transported by bulk or tank vessels, and accounted for 59% of total shipping exports. More specifically, eight of these eleven commodities were transported by bulk carriers (e.g., waste products, petroleum coke, coal, rice) and three were transported by tankers (petroleum oils) (Figure 5).
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FIGURE 5. The annual tonnage (bars) of the top eleven commodities exported from San Francisco Bay and the annual volume (line) of overseas ballast water discharge. The type of vessel that exported each commodity is noted as bulk carrier (B) or tanker (T). These top 11 commodities comprised 59% of the total export tonnage.


There was a strong relationship between foreign exports and overseas BW discharge volume among years, for bulk and tank vessels, both alone and together. The relationship between the tonnage of the top eight export commodities from bulk carriers (106 kg) and the volume of overseas BW (103 m3) discharged by bulk carriers in SFB can be described by
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The relationship between the tonnage of the top three export commodities from tankers (106 kg) and the volume of overseas BW (103 m3) discharged by tankers can be described by
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A multivariate linear model of the relationship between the annual tonnage of the top eleven export commodities and the total annual overseas BW discharge volume received throughout SFB can be described by

[image: image]

where y is the annual volume of overseas BW discharge (103 m3); x1 = annual tonnage of exports transported by tankers (106 kg); x2 = annual tonnage of exports transported by bulk carriers (106 kg); and an adjusted R2 = 0.92.




DISCUSSION


Predicting BW Discharge From Trade

This study elucidates the quantitative effects of trade exports on BW discharge characteristics, including volume and source region. It is generally understood that trade drives shipping and BW delivery, affecting invasion dynamics on a global scale (Ruiz et al., 2000a; Hulme, 2009; Kaluza et al., 2010; Seebens et al., 2013; Sardain et al., 2019; Bailey et al., 2020). Fluctuations in commodity supply, product demand, and emergence of new trade routes and partners all affect the number, tempo, and type of vessel calls at a port. Yet, how exactly this converts to BW delivery has been more elusive, since (a) most vessels do not discharge BW upon arrival (Miller et al., 2011; Minton et al., 2015) and (b) BW discharge varies by both vessel type and specific export commodity. As a result, the number of vessel arrivals alone is a poor proxy for BW discharge volume and organism transfer, as our data and other studies show (Figure 3; Verling et al., 2005; Miller et al., 2011; Minton et al., 2015; Davidson et al., 2018). Several past studies have adopted coarse estimates of BW by vessel types, using an average value sometimes adjusted for vessel size, but this approach largely ignores the high level of variation and directionality of BW versus cargo transfers within vessel type. Here, we explicitly evaluated selective commodity exports, focusing on bulk dry and liquid cargo associated with larger discharge volumes from bulk and tank vessels (compared to other vessel types), to develop a model that explains >90% of temporal variation in overseas BW discharge volume across all ships and ports in SFB.

Using detailed knowledge of transportation logistics for specific cargos and ship types, our approach provides a predictive model for BW discharge volume that may be applicable broadly to other locations or time periods. We suggest the general approach is likely to be robust, representing an improvement of past methods for estimation, because it relies on a mechanistic understanding of BW transfer associated with specific cargo and vessel types. Importantly, this approach also is accessible in most regions. Given that BW discharge data are only available recently (and for a very limited number of countries), whereas trade and ship arrival data exist commonly with broad spatial and temporal coverage, such a modeling approach has considerable appeal and potential as a general tool for both backcasting and forecasting BW delivery as well as its relationship to invasion dynamics. Estimated volumes of BW are critical in assessing invasion risk to port systems and management strategies to mitigate this risk, including capacity of barge-based or shore-based treatment facilities being considered for some ports. Furthermore, this approach may be useful for assessing biosecurity threats under shifts in trade patterns and partners that influence vessel behavior, cargo types, and connectivity between source/recipient ports.

However, we recognize that our analysis currently evaluates only a short snapshot of time and is limited to one major port system. We are encouraged by the strong relationship between trade of bulk commodities and total BW discharge volume, creating new opportunities to clarify the historical record for SFB such as effects of changing trade on BW quantity and source regions as well as associated invasion patterns. The response of invasions to shifts in trade and BW delivery remains a key knowledge gap, for both invasion science and management, which is impeded by limited data on BW history and propagule delivery (National Research Council, 2011; Ruiz et al., 2013). The utility of our model to help in these respects requires further testing and validation, both across time within SFB and in other regions.

This general approach expands upon previous work on the relationship of BW discharge associated with particular bulk cargo. Several studies highlight the dominant contribution of bulk carrier and tanker vessels to total BW discharge volume at ports around the world (Carlton et al., 1995; Miller et al., 2011; David et al., 2012, 2018; Cope et al., 2015; Minton et al., 2015; Verna et al., 2016). Temporal measures of the relationship between bulk cargo and BW quantities focus primarily on single commodities and ship type. For example, coal exports by bulk carriers explains most of the variation in overseas BW delivery in Chesapeake Bay, driving a surge in both BW volume and propagule supply between 2005 and 2013 (Carney et al., 2017). Similarly, projections of liquefied natural gas exports from the United States anticipate substantially greater BW discharge from tankers, primarily along the US Gulf Coast (Holzer et al., 2017). Here, we apply a similar approach to a broad list of bulk commodities, across multiple types of bulk and tank vessels, allowing us to explain the large temporal changes in BW discharge observed for SFB over 9 years.



Source Region and Recipient Port

Our analysis shows how expanding bulk exports resulted in a surge in overseas BW flux from particular geographic source regions, arriving to different portions of SFB. Each source and arrival port has consequences for associated biota and invasion opportunities. The location of a trade partner obviously affects the biological composition of BW discharge. Here, BW delivery from China and Mexico expanded greatly during our study, driving a three-fold increase in total discharge to SFB. Although it is generally expected that increasing propagule supply increases the likelihood of new invasions (Simberloff, 2009; National Research Council, 2011), environmental conditions and the quality of organisms also affect the outcome (Verling et al., 2005; Seebens et al., 2016). While we did not evaluate environmental match directly, it appears that China may be a more potent source for new invasions than Central America, given the many successful past invasions from this region to SFB and coastal biota detected in BW moved between these regions (Cohen and Carlton, 1995; Choi et al., 2005; Winder et al., 2011). Moreover, BW discharge from bulk carriers occurred in the upper reaches of the estuary (Figure 4) where salinities are reduced, and we note that many of the past invasions from Asia were in low salinity habitats. This suggests that both climate and salinity provide a good match for colonization of species arriving with BW from Asia, and the increase in BW may represent an elevated chance of new invasions associated with bulk carriers.

The increase in BW discharge and source regions reflect the underlying shifts in trade exports per port in SFB, where more exports increased the volume and frequency of discharge events. For example, in the port of Stockton, a change from importing to exporting commodities caused a temporal shift in the proportion of bulk carriers that discharged BW. Arrivals to Stockton fell from 2006 through 2009 as bulk imports of Portland cement from China (distributed to western United States) declined. Arrivals then rebounded and grew through 2014, coinciding with a spike in exports of iron ore and coal to China and Mexico. Meanwhile, from 2006 to 2014 the proportion of vessels that discharged BW increased annually from 8 to 70%. When bulk carriers imported commodities, they discharged little BW. As bulk exports grew and became the leading reason for vessel arrivals, the port received a 20-fold increase in BW volume.

In contrast to bulk carriers, the surge in BW from tankers reflected a shift in trade dynamics with Central America and, to a lesser extent, Hawaii. The proportion of overseas tankers that discharged BW sourced in Mexico peaked from 2010 to 2012, coinciding with a peak in exports of oil commodities from SFB to that country. Oil exports to Mexico then declined in 2013 and 2014 as exports of coal skyrocketed (transported by bulk rather than tank vessels). At the same time, more tanker BW began to arrive from Central America because of increased oil exports, particularly to Guatemala and El Salvador. Tanker BW discharge from Hawaii rose concurrently. Overall, the proportion of discharging overseas tankers grew annually over the 9 years (Table 1B), though sourced from varying coastal ecosystems.

The type of vessel used to transport commodities also influences the location of discharge, reflecting specialization of ports and associated infrastructure. With the combined shipping pressure of bulk and tank vessels in ports throughout SFB, most of the area routinely received BW. However, the upper estuary (low salinity) was dominated by bulk carrier discharge, and the lower bay (high salinity) received primarily tanker discharge (Figure 4). For example, the high salinity port of Richmond has terminals capable of handling both dry and liquid bulk cargo, but three oil commodities accounted for most (68%) of total exports and two-thirds of the BW received there was discharged by overseas tankers.



Invasion Response to Trade Shifts

Trade statistics can provide considerable insight into vessel movement patterns and the associated flux of BW as a leading source of coastal species transfer and invasions. Our study expands upon previous exploration of the trade-BW relationship to provide estimates of BW flux at higher resolution and accuracy, using operational profiles of different vessels types according to cargo type and direction of trade. Our approach also allows some comparison of environmental match between source and recipient regions as a coarse proxy of relative similarity and perhaps invasion opportunity. While these are important variables, which contribute to invasion outcomes, they are not sufficient to characterize the associated propagule supply characteristics and invasion probability.

In general, the three-fold increase in annual overseas BW discharge observed in SFB is likely to have increased total propagule delivery from overseas sources, although organism concentrations are notoriously variable in space and time, differing among source regions, voyage conditions, seasons, and years (Smith et al., 1999; Verling et al., 2005; Briski et al., 2013b; Carney et al., 2017). We further expect the increase in BW from China in particular to result in increased probability of invasions to SFB from this region based on past invasion history associated with trade (as noted earlier). However, the relationship between propagule supply and invasion outcome is still poorly resolved, with high uncertainty of expected responses (National Research Council, 2011; Wonham et al., 2013), resulting from limited available data to adequately characterize the number of species as well as frequency and concentrations delivered through time.

It is noteworthy that nearly all (>98%) of overseas BW discharged to SFB in our study was reported to be managed with either exchange (flushing of tanks) in open ocean or a treatment technology required to reduce the concentration of coastal organisms (National Research Council, 2011). In some regions, BW exchange plus treatment may be used to further reduce delivery of freshwater organisms (Briski et al., 2013a). Implementation of BW management has likely reduced the propagule supply of coastal biota arriving in BW compared to historical BW discharge concentrations from Asia and elsewhere (but see Carney et al., 2017). If indeed the case, the residual risk of colonization is uncertain, as we have entered a new era where concentrations of organisms in BW are below historical conditions. Today, the extent to which concentrations of coastal organisms are below a critical threshold for successful invasions remains a major question in invasion ecology and management (Ruiz and Carlton, 2003; National Research Council, 2011).

There is typically a lag time from species arrival to population growth and detection (Sakai et al., 2001; Crooks, 2005; Bailey et al., 2020). Moreover, the ability to estimate changes in invasion rate with statistical confidence are especially challenging, given that most of the available data are limited to occurrence records instead of repeated measures that aim to detect change in SFB and elsewhere (Costello and Solow, 2003; Solow and Costello, 2004; Costello et al., 2007; Ruiz et al., 2011). Thus, evaluation of the full effect of changes in vessel behavior documented here will require both time and detailed analyses.




CONCLUSION

Shipping is a major driver of biological invasions in coastal ecosystems, resulting from organisms transferred with vessel BW and biofouling (Bailey et al., 2020). Here, we use SFB as a model system to develop a method to predict BW discharge based on trade data, quantifying how the direction, magnitude, and location of trade drives overseas BW discharge by ships in this major port system. We developed a predictive model for BW discharge using trade export data by focusing on bulk commodities associated with bulk carriers and tankers. Our approach has the potential for broad application since such trade data are available in space and time around the world. Moreover, this approach may provide a key measure of BW flux to support biosecurity management in many global regions where comprehensive data on BW discharge is lacking. Further testing and validation of this method is now required in other ports and regions to fully evaluate potential applications for estimating BW flux and invasion risk.
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