COMPETITION AND COEXISTENCE IN A RARE NORTHEASTERN PACIFIC MULTISPECIES SEAGRASS BED 
Boardman FC, Ruesink JL
Department of Biology, University of Washington, Seattle, Washington, USA 98195-1800 

Corresponding Author: FC Boardman, fcboard@uw.edu

















Abstract
Seagrass meadows with more than two species co-occurring at a small scale are unusual in temperate regions, and such multispecies seagrass beds are undocumented in the Northeastern Pacific. Seagrasses in multispecies beds may coexist through trait differentiation in body size, life history types and phenology, especially when competitive exclusion is interrupted by environmental variability. Here, we survey and manipulate a multispecies seagrass meadow in Willapa Bay, Washington (USA), containing Zostera marina, Zostera japonica and Ruppia maritima; our 13-month survey is the first formal documentation of multispecies seagrass bed occurrence in the Northeastern Pacific. Z. japonica, a non-native species, reached an end-of-summer biomass that was an order of magnitude greater than either native seagrass. To test competition, we experimentally removed Z. japonica and found competition occurred disproportionately on the smaller R maritima relative to larger Z. marina. R. maritima germinated later and senesced earlier than the two Zostera species, and the removal of Z. japonica positively affected R. maritima biomass, supporting previous studies that R. maritima is an opportunistic species. In addition to species-specific phenology and body size, all species presented annual life histories and thus began each annual cycle under high resource availability, such as light, space and nutrients, which may contribute to coexistence.
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1. Introduction
Multispecies seagrass beds (mixed stands of >2 species) occur widely in the tropics, including Southeast Asia and the Caribbean (Duarte 2000, Williams 1990, Short et al. 2007), as well as in temperate Australia (Carruthers et al. 2007). In contrast, along the temperate Northeast Pacific, seagrasses typically form only mono- or bi-culture beds (Short et al. 2007). Our discovery of a small area on an estuarine tidal flat with three seagrass species interspersed at small scale (0.25 m2) prompted an evaluation of factors enabling coexistence. Because species interspersion can occur at the scale of interspersed patches (i.e. species mosaic) or interspersed shoots (Shafer et al. 2014), scale is important to consider when studying interactions of co-occurring submerged aquatic vegetation (SAV).
Stabilizing mechanisms essential for species coexistence include both partitioning of resources, for instance involving species trait differences, and fluctuating environments (Chesson 2000). These mechanisms appear in many evaluations of multispecies seagrass meadows. Multispecies seagrass beds often contain species with a range of life history types (Keddy 1987, Olesen et al. 2004) and diverse physiological constraints and traits (Orth et al. 2010). Environmental factors affect species differently (Orth et al. 2010), competition can be asymmetric (Duarte 2000) and resources may be partitioned among species. Physical disturbance, such as winter storms, has been shown to play a role in maintaining the presence of multiple species by preventing dominance of a single species (Kirkman 1985, Kirkman and Kuo 1990). Similarly, areas with highly variable or extreme environmental conditions are more likely to host transitory seagrass meadows, which consist of colonizing and opportunistic species and often vary in species composition over time (Kilminster et al. 2015). Colonizing and opportunistic species are characterized by early sexual maturity, rapid shoot turnover, low physiological resistance to disturbance and robust ability to recolonize from seed banks, compared to persistent species (Kilminster et al. 2015). Variable timing of seed germination and flowering may facilitate coexistence of multiple species in transitory meadows. 
The three species co-occurring at the study site (Zostera marina, Zostera japonica, and Ruppia maritima), are common in the intertidal zone of the Northeast Pacific, particularly in wave-protected estuaries (Short et al. 2007). Z. marina is the dominant seagrass species in the Northeast Pacific and can be found intertidally and subtidally (Short et al. 2007). Z. japonica was introduced to the Northeast Pacific in the 1930s and 1940s from Japan with the import of Pacific oysters (Crassostrea gigas), and the seagrass is now abundant in Willapa Bay, among other shorelines in Washington, Oregon, and British Columbia (Harrison and Bigley 1982). The third species, R. maritima, is found in a wide range of habitats with varying salinities and temperatures (Short et al. 2007) and is considered a globally widespread species, but may actually represent a species complex (Ito et al. 2010). R. maritima and Z. japonica are typically found in the upper range of Z. marina (Bulthuis 1995, Harrison 1982a, Harrison 1982b). In Japan, specifically the Akkeshi-ko estuary, the three species can be found naturally co-occurring at a scale of tens of meters (Momota and Nakaoka 2017). In the Northeast Pacific, the three species overlap in range, and frequently coexist in bi-culture beds, but this is the first report, to our knowledge, of Z. marina, Z. japonica, and R. maritima co-occurring interspersed at a small scale (within 0.25 m2). 
The aim of this study is to uncover the processes by which these three species co-occur, by quantifying annual dynamics of species biomass, as well as by removing the dominant, non-native species (Z. japonica). We hypothesized that Z. japonica competes with, but does not competitively exclude, the smaller, native R. maritima, with less impact on Z. marina, which grows larger. Our survey and experimental studies shed light on the mechanisms that underlie the coexistence of the three species despite negative interspecific competition. 

2. Methods
2.1 Study Site 
Our study site sits near the middle of a wide (>1 km) intertidal flat near the mouth of Willapa Bay, a coastal estuary of Washington state (USA; N46.61410 W124.03356). Salinities near the site typically rise through the summer (from 22 to 30), due to reduced riverflow in that season, and are also controlled by oceanic upwelling (Ruesink et al. 2015, Wheat et al. 2019). Summer water temperatures average 17-20°C and are warmer on the tidal flats than in channels of the bay (Wheat et al. 2019). Sediment is 97% sand (0.063-0.25 mm grain size, unpubl data). 
At an elevation of ~0.8 m relative to mean lower low water (tidal diurnal range 2.72 m), the site holds water at low tide in shallow pools, which is where all three species can be found. A small area during the summer (0.25 m2) may contain hundreds to thousands of Z. japonica shoots, and several shoots of R. maritima and Z. marina. While perennial Z. marina is present on the intertidal flat, the specific study site primarily contains annual Z. marina. During the winter, vegetation dies back, and the site is mostly bare sand, classifying the community as transitory (Kilminster et al. 2015). 

2.2 Survey Methods
We collected core samples in the three-species bed for 13 months. We sampled once every two months for the first eight months and then monthly, specifically 11 Jul, 12 Sep, 15 Nov in 2019, and 11 Jan, 20 Mar, 22 Apr, 18 May, 19 June, 19 Jul, 6 and 18 Aug in 2020. During each sampling, 30 cores (diameter 10 cm, depth 5 cm) were collected in the shallow pools using stratified random sampling along a 7.5-m transect (5 random points in each 1.5 m for best dispersion along the full transect). A different transect was used for each sampling. The cores were sieved in the field (1 mm mesh).  We sorted all vegetation from each core and recorded the number of Z. marina, Z. japonica and R. maritima shoots, then divided plants into above and below ground mass by separating plants at the joint between the base of the shoot and the rhizome. We discarded below-ground material that was unattached to a shoot, as the species could not always be identified. Above and below ground material was placed in a drying oven at 60°C for a minimum of three days and then weighed. 
  
2.3 Experimental Methods
We experimentally removed Z. japonica starting on 19 Jun 2020. Twelve 0.25 m2 plots were established to include all three species in each plot, and assigned alternately to control and removal treatments (n=6). The plots were monitored three times over a two-month period after initiating the experiment (19 Jul, 6 and 16 Aug). The experiment was initiated in June when all species had seedlings that were large enough to distinguish in the field, and ended in mid-August to be able to capture R. maritima before senescence, and the Zostera species as they were approaching peak biomass.  Percent cover of Z. marina, Z. japonica and R. maritima was determined visually at each time, and any new Z. japonica shoots in the removal plots were removed. All plots initially contained the three species, with plot percent cover of Z. japonica ranging from 25-50%, Z. marina ranging from 5-30% and R. maritima ranging from 5-15%. Cover of both Z. marina and R. maritima was initially indistinguishable between control and removal plots (permutational analysis of variance, P>0.05). After two months, all plants were collected from the plots for analysis. Z. marina and R. maritima shoots were counted, divided into below and above ground mass, dried at 60°C, and then weighed for each plot. Z. japonica biomass was dried at 60°C and weighed for a total mass of Z. japonica per plot. 

2.4 Experimental Data Analysis 
Response variables were above-ground and below-ground dry biomass, as well as shoot counts, of R. maritima and Z. marina. Each was compared for treatment effects (control vs. removal), with initial percent cover of the responding species as a covariate. This two-factor analysis included main effects only. Initial percent cover was measured in lieu of initial biomass as it is non-destructive, but the values were not conducive to use in parametric statistics. Instead, we took a non-parametric randomization approach to analysis (permutational analysis of variance; PERMANOVA) using the adonis2 function of the vegan package in R version 4.0.2 (R Core team 2020).  

3. Results and Discussion
Three species of seagrass co-occurred at small scale at our study site, whereas most multispecies temperate sites contain mosaics. The spatial scale of species interspersion was 10s to 100s of meters for seagrasses and other SAV in cases where three or more species were reported in the Northwestern Pacific (Nakaoka & Aioi 2003, Momota and Nakaoka 2017), Atlantic estuaries (e.g. Chesapeake Bay) (Orth et al. 2010, Patrick & Weller 2015), the Baltic Sea (Boström et al. 2014) and the Black Sea (Milchakova 2003). Multispecies meadows with interspersion at small scales occur in South-western Australia, where seagrass richness is particularly high (Kirkman 1985).  
The community dynamics of this unusual multispecies seagrass meadow in Willapa Bay included complete winter die-back, phenological offset, and coexistence through summer. All three species showed annual life histories, as no living biomass appeared in cores in January. Peak biomass occurred earlier for R. maritima than the Zostera species (Fig. 1). While small R. maritima plants coexisted with the two Zostera species in surveys (Fig. 1), the experimental removal of Z. japonica significantly increased R. maritima biomass, with less effect on the larger Z. marina (Fig. 2, statistical results below). The seagrasses at this site exhibited several functional traits supporting coexistence, sharing a reproductive strategy suitable for a transitory meadow, but differing in body size and phenology in ways that could reduce niche overlap in space or time.
Body size variation was clear from comparisons of biomass and shoot counts per core. Throughout our survey, the greatest overall shoot counts occurred in July 2019, when nine of the 30 cores had all three species, and 14 had two of the three species. For Z. japonica, Z. marina and R. maritima at that time, their contributions to dried above ground biomass per core were 74.9% (  4.3 SE), 18.8% ( 4.5% SE ) and 6.3% ( 2.0% SE), but for shoot counts were 81.6% (  3.0% SE), 4.9% (  1.2 % SE) and 13.4% ( 3.0% SE). These comparisons of biomass and shoot counts show disproportionate contributions for Z. marina (4x higher % biomass due to larger shoots) and R. maritima (biomass one-half of shoot count due to smaller shoots).  
Phenological differences were revealed in a 13-month survey of the three-species meadow (July 2019-August 2020) (Fig. 1). All species were annual and occurred only as seeds during the winter. Z. marina and Z. japonica seedlings were present in March, while R. maritima seedlings did not appear until April. In both 2019 and 2020, peak biomass of R. maritima occurred 1-2 months before peak biomass of Z. marina and Z. japonica, however the less frequent sampling in 2019 obstructs our ability to compare years precisely (Fig. 1). During the fall sampling in 2019, R. maritima had senesced by September, while Z. marina and Z. japonica did not senesce until October or November. In 2020, maximum R. maritima shoots occurred in June (average of 2.23 shoots/core 1.05 SE ), two months earlier than the maximum Z. japonica shoots in August (19.83 shoots/core  1.5 SE). Our findings illustrate the relatively compressed life history timeline of R. maritima, which germinates a month later, and reaches peak biomass and senesces a month earlier than the Zostera species. Thus, R. maritima may complete its life cycle before experiencing strong competition at the end of summer (Harrison 1982b).
Although biomass of the Zostera species peaked in late summer, this pattern was not strictly a function of density, and varied between years for Z. marina. Shoot counts of Z. marina were fairly constant from June through early August 2020 (averaging 14.33 shoots/core  1.45 SE) consistent with the growth form of annual Z. marina, which primarily produces flowers on existing shoots instead of reproducing clonally via extensive branching. However, biomass decreased in August (Fig. 1). In 2019 for Z. marina and in both years for Z. japonica, the peak biomass occurred 1-2 months after peak shoot counts, suggesting that in August and September, the Zostera species were not producing more shoots, but instead increasing in shoot size or allocating resources toward existing flowering shoots. The interannual variation in phenology seen in the surveys may be a result of abiotic factors such as water conditions and weather-related disturbance (Patrick and Weller 2015), and could also be the result of differential effects of abiotic factors on the three species. 
Experimental removal of Z. japonica from 0.25 m2 plots had a significant effect on R. maritima biomass, but not Z. marina. Z. japonica removal resulted in significantly greater above-ground and below-ground biomass of R. maritima compared to control plots (Fig. 2, F(1,9) =  4.234, p = 0.001; F(1,9) = 7.0696, p=0.007; respectively). Z. japonica removal also resulted in a nearly three-fold increase of R. maritima shoots, from 1.83 ( 0.91 SE) to 5.17 ( 2.25 SE) per plot, but this difference was not statistically significant (F(1,9) = 2.5784, p=0.104). Z. japonica removal did not affect Z. marina above ground biomass, below ground biomass, or shoot count (Fig. 2, F(1,10) = 5.2689, p = 0.055; F(1,10) = 1.9, p = 0.190; F(1,9) = 0.11 , p = 0.75; respectively). Considering body-size as a functional trait may explain the greater effect of Z. japonica removal on the biomass of small R. maritima than larger Z. marina (Fig. 2). 
Several other studies indicate that R. maritima has a low competitive rank. R. maritima was negatively correlated with Z. marina abundance (Dunton 1990, Richardson et al. 2018; Johnson 2003; Moore et al. 2014; Orth 1988), and warming events that reduced Z. marina resulted in increases in R. maritima abundance, likely due to lessened competition and a higher thermal tolerance than Z. marina (Johnson 2003; Moore et al. 2014). R. maritima exhibited opportunism in these prior studies, consistent with our findings, even though its competing species differed. Although we did not specifically test the effects of annual Z. marina on R. maritima, we suspect that Z. japonica is the dominant competitor due to its contribution to total biomass and its growth form with substantial branching. Relative to perennial Z. marina, annual Z. marina plants do not get as large and allocate more energy into flowering than vegetative growth (Keddy 1987), thus creating less competition for resources (i.e. space, light).  
	The competitive ranks of Z. marina and Z. japonica are inconsistent among studies and appear sensitive to environmental factors such as tidal elevation, environmental heterogeneity and disturbance. While Z. japonica (upper range +1.5 MLLW) tends to exist at higher tidal elevations than Z. marina (upper range +0.6 MLLW), Z. japonica is found in mixed beds with annual or perennial Z. marina near the upper end of the Z. marina tidal range (+0.2 to +0.6 MLLW) (Ruesink et al 2010, Bulthuis 1995, Harrison 1982a). Perennial Z. marina at lower tidal elevations or in shallow pools tends to exclude Z. japonica (Harrison 1982a, Hannam and Wyllie-Echeverria 2014), but at higher elevations, Z. japonica can reduce Z. marina biomass disproportionately (Bando 2006), or Z. marina loses its competitive advantage (Harrison 1982a). Furthermore, disturbance events improved Z. japonica productivity and hindered that of Z. marina (Bando 2006), which could enable the non-native Z. japonica to exclude native eelgrass in intertidal habitats that experience regular disturbance. 
An understanding of coexistence through functional traits provides strong connections to other seagrass studies, especially those focused on transitory seagrass communities. Overall, body size helps explain competitive hierarchies, phenology enables resource-partitioning in time, and the annual reproductive strategies of all seagrass species at this site prevent preemptive competition, as all species start with high resource availability each spring. While we did not find evidence of facilitation of native species by the non-native in this study, other conditions or species removals could have different results. The system also provides an opportunity for future evaluation of whether ecosystem functioning (productivity) improves with species richness in this multispecies meadow. This study offers a unique insight to understanding the interactions of seagrass species in the Northeast Pacific and raises awareness of the existence of multispecies seagrass beds in this region for further study. 
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Figures
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Figure 1.  Results of 13-month survey, showing mean above ground biomass per 10 cm core for Z. marina, Z. japonica and R. maritima from July 2019 to August 2020. R. maritima emerges later and senesces earlier than the Zostera species. Bars show standard error (SE); note scale differences on y-axis. 
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Figure 2. Results of removal experiment, where dark-colored points indicate mean and SE of final above and below-ground biomass of R. maritima and Z. marina from control plots and plots with experimental removal of Z. japonica. Biomass from each plot (n=6) are included as light-colored points to show data distribution. Both above and below-ground biomass of R. maritima were significantly greater in the Z. japonica removal treatment than the control.  
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