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Disturbance has both direct and indirect ramifications that can influence species 14 

abundance, distribution, and ultimately the diversity found within a community. As a 15 

result, we might expect disturbance to play a particularly important role in the ability of 16 

non-native species to proliferate outside of their native range. In practice, disturbance has 17 

been shown to facilitate invasions indirectly by reducing competition with established 18 

species, but less is known about the direct effects of disturbance on potential invaders. It 19 

is generally assumed that the direct effects of disturbance will be negative, but an 20 

exemption to this exists if disturbance results in tradeoffs that favor the allocation of 21 

resources to sexual reproduction. To examine this possibility, I considered the direct 22 



	  

	  

	  

effects of disturbance and the relative importance of tradeoffs on the invasion dynamics 23 

of the dwarf eelgrass, Zostera japonica Aschers. & Graebn., across different sediment 24 

disturbance regimes in Yaquina Bay, a North American Pacific coast estuary near 25 

Newport, Oregon.  26 

The basis of my thesis work is a conceptual model in which tradeoffs in resource 27 

allocation between reproduction and vegetative growth in plants results in increased 28 

sexual reproduction at intermediate levels of disturbance. My hypothesis is that as 29 

disturbance severity increases, vegetative biomass declines until there is complete 30 

mortality of the population. Moreover, I suggest that flowering biomass will increase 31 

with disturbance to some intermediate level but then decline as disturbance severity 32 

increases. This increase in flowering biomass is the result of a tradeoff in which 33 

individuals reallocate resources from asexual to sexual reproduction as disturbance 34 

increases the mortality risk and reduces the fitness of clonal progeny.  35 

To test this model, I conducted two years of monthly monitoring at six sites 36 

representing the potential for different sediment disturbance regimes, and also conducted 37 

a field experiment at three sites representative of low, moderate, and high sediment 38 

disturbance. The observational study showed sediment disturbance was strongly site 39 

dependent, with three sites having high sedimentation, one site having moderate 40 

sedimentation, and two sites having low sedimentation. In the observational and 41 

experimental study, there was a negative linear relationship between the abundance 42 

(percent cover and biomass) of Z. japonica and sedimentation among the sites. 43 

Vegetative growth showed a negative linear response to increased sedimentation, with 44 

approximately 50% mortality seen at sediment deposition rates of 1 cm per month, and 45 



	  

	  

	  

nearly 100% mortality seen at rates above 3.5 cm per month. The experiment also 46 

showed that flowering and seed production responded unimodally to increased 47 

sedimentation, and they were greatest at sediment deposition rates of roughly 0.75 cm per 48 

month, and effectively inhibited at rates above 1.5 cm per month.  49 

My results suggest that the unimodal response of this non-native eelgrass to 50 

disturbance is the result of tradeoffs in resource allocation favoring sexual reproduction 51 

and the production of seeds, which is potentially an escape from increasing disturbance 52 

severity. This type of tradeoff might result in an increased likelihood that Z. japonica 53 

could reach new sites, and, as has been shown in other invasive grasses, could possibly 54 

result in an increase in genetic diversity that would allow this species to successfully 55 

proliferate across a wider range of environmental conditions. As disturbance regimes 56 

change due to anthropogenic causes, it is important to document these tradeoffs and 57 

determine whether they could contribute to making communities more susceptible to 58 

invasion and thus of greater management concern.  59 
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1 - General Introduction 233 

Disturbance is both a natural and human induced process that causes the loss of 234 

biomass or mortality in individuals and can impact populations and communities (Rykiel 235 

1985). It can occur across multiple spatial and temporal scales (Pickett and White 1985). 236 

Disturbance has both direct and indirect ramifications for individuals, populations, and 237 

communities (e.g., Connell 1978, Hacker and Gaines 1997, Sousa 2001). The direct 238 

effect of disturbance results when individuals are damaged or killed and can lead to the 239 

indirect effects of freeing up resources for other individuals in the process. 240 

More recently, the effects of disturbance have been considered as an important factor 241 

. The indirect effects of disturbance 242 

have been shown to facilitate invasions by mediating competitive interactions and 243 

governing the invasibility of a system (Hobbs and Huenneke 1992, Corbin and 244 

). While the indirect effects of disturbance on invasive species are often 245 

considered, there is much less known about how the direct effects of disturbance 246 

influence invasion success and whether changes in disturbance regimes could make 247 

communities more susceptible to invasion and thus of management concern (Huston 248 

2004). 249 

While a few examples exist where the direct effects of disturbance hinder invasions 250 

(Lake and Leishman 2004, Buckley et al. 2007), it is also possible that the direct effect of 251 

disturbance can facilitate invasions by forcing tradeoffs in important life history traits. 252 

We know that tradeoffs in the allocation of resources between growth and reproduction 253 

occur in many plant species exposed to disturbance (Bazzaz et al. 1987). If these 254 
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tradeoffs favor the allocation of resources to sexual reproduction as disturbance severity 255 

increases, this could result in an increase in propogule production and potential spread of 256 

the invader to new sites. How these tradeoffs might affect invasion success is an 257 

important avenue of research.  258 

In this thesis, I explore the direct effects of disturbance and the relative importance of 259 

tradeoffs in an ongoing invasion in an estuarine system in the Pacific Northwest of the 260 

US. Specifically, I examine the direct effects of disturbance on vegetative growth and 261 

sexual reproduction in Zostera japonica Aschers. & Graebn., an invasive seagrass 262 

species. This species invades a previously un-vegetated niche in the high intertidal 263 

mudflats of estuaries along the Pacific Coast of North America (Harrison 1982b). These 264 

soft-bottomed habitats experience highly variable disturbance regimes in the form of 265 

sedimentation and are thus ideal for examining how disturbance may influence tradeoffs 266 

and invasion success over a range of conditions.  267 

The basis of my work is a conceptual model in which tradeoffs in resource allocation 268 

between reproduction and vegetative growth result in increased sexual reproduction at 269 

intermediate levels of disturbance. To test this model, I conducted a two-year 270 

observational study and a shorter manipulative field experiment to examine how the 271 

movement of sediments in these soft-bottomed benthic systems affect tradeoffs between 272 

vegetative growth and sexual reproduction in dwarf eelgrass. I consider the implications 273 

of these tradeoffs and how changes in sedimentation might influence the invasion in the 274 

future. This work is contained in Chapter 2 and is in preparation for submission for 275 

publication with my thesis advisor, Dr. Sally D. Hacker, as a co-author. Dr. Hacker 276 

provided guidance with the study design, data and statistical analyses, and the writing. 277 
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invasive seagrass experiencing different disturbance regimes  279 
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Abstract 295 

Disturbance has both direct and indirect ramifications that can influence species 296 

abundance, distribution, and ultimately the diversity found within communities. Thus, 297 

disturbance can play a particularly important role in the ability of non-native species to 298 

proliferate outside of their native range. Disturbance has been shown to facilitate 299 

invasions indirectly by reducing competition with established species, but less is known 300 

about the direct effects of disturbance on potential invaders. The direct effects of 301 

disturbance are generally considered to be negative; though they may be positive if the 302 

damage caused by disturbance results in a tradeoff that favors the allocation of resources 303 

to sexual reproduction. To examine this possibility, we considered the direct effects of 304 

disturbance and the relative importance of tradeoffs on the invasion dynamics of the 305 

dwarf eelgrass, Zostera japonica Aschers. & Graebn., across different sediment 306 

disturbance regimes in Yaquina Bay, Newport, Oregon USA. We conducted two years of 307 

monthly monitoring at six sites representing different sediment disturbance regimes and a 308 

field experiment at three sites representative of low, moderate, and high sediment 309 

disturbance. Both the observational and experimental studies showed that there was a 310 

negative linear relationship between the abundance (percent cover and biomass) of Z. 311 

japonica and sedimentation among the sites. Vegetative growth showed a negative linear 312 

response to increasing sedimentation, with 50% mortality seen at sediment deposition 313 

rates of 1 cm per month, and nearly 100% mortality seen at rates above 3.5 cm per 314 

month. Both studies also showed that flowering, seed production, and germination 315 

responded unimodally to increasing sedimentation, and were greatest at sediment 316 
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deposition rates of 0.75 cm per month, and effectively inhibited at rates above 1.5 cm per 317 

month. These results suggest that the unimodal response of this non-native eelgrass to 318 

disturbance is the result of tradeoffs in resource allocation favoring sexual reproduction 319 

and the production of seeds potentially as an escape from increasing disturbance severity. 320 

As disturbance regimes change due to anthropogenic causes, it is important to document 321 

these tradeoffs and whether they could contribute to making communities more 322 

susceptible to invasion and thus of greater management concern. 323 
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2.1 IN T R O DU C T I O N 324 

Disturbance is both a natural and human induced process that causes the loss of 325 

biomass or mortality in individuals and can impact populations and communities (Rykiel 326 

1985). The effects of disturbance have both direct and indirect ramifications for 327 

communities (Sousa 2001). The direct effect of disturbance results when individuals are 328 

damaged or killed, leading to the indirect effect of freeing up resources for other 329 

individuals in the process. The balance between direct and indirect effects can influence 330 

species abundance, distribution, and ultimately the diversity found within a community 331 

(Connell 1978).  332 

In the last two decades, the effects of disturbance have been considered as an important 333 

. Often, studies focus on the 334 

indirect facilitation of non-native species when disturbance creates gaps and decreases 335 

competition with native species. However, much less is known about the direct effects of 336 

disturbance on non-native species establishment and whether it might be an important 337 

mechanism hindering invasion or thwarting it all together (except see Buckley et al. 338 

2007). In particular, it is of interest to understand the disturbance regimes non-native 339 

species experience, what effect they may have on the spread of potential invaders, and 340 

whether changes in these regimes could make communities more susceptible to invasion 341 

and thus of management concern (Huston 2004). 342 

We might assume that because disturbance causes the loss of biomass or mortality, the 343 

direct effects on invaders will generally be negative and increase with the severity of the 344 

disturbance. However, the potential exists for positive direct effects of disturbance on 345 

invaders if disturbance causes an increase in reproductive effort; a response that we could 346 
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find no examples of in the invasion literature. For this to occur, we would predict that 347 

disturbance would force tradeoffs between the allocation of resources to growth and 348 

reproduction, with those tradeoffs favoring allocation to reproduction as disturbance 349 

severity increased. This then could result in an increase in colonization of new sites and 350 

spread of the invasion. 351 

One type of non-native species where we might see tradeoffs play a role in invasion 352 

success are clonal plants, particularly grasses (e.g., see Lambrinos 2001, Dethier and 353 

Hacker 2009). In grasses, reproduction occurs via vegetative growth (i.e., branching of a 354 

rhizome or underground stem) and sexual reproduction (i.e., flowering and the production 355 

of seeds). Overall, plants must partition a finite number of resources between growth, 356 

defense and reproduction (Bazzaz et al. 1987). Thus, an individual is predicted to allocate 357 

resources to the mode of reproduction that maximizes fitness given the current 358 

environmental conditions (Loehle 1987). If a particular genotype is well suited to the 359 

local environment then a clonal strategy may be favored rather than risking the alteration 360 

of key traits by sexual reproduction, whereas a genotype that is not well suited to the 361 

local environment may favor sexual reproduction to increase adaptive ability (Lambrinos 362 

2001).   363 

A simple model can be devised that considers the effect of disturbance on vegetative 364 

growth versus sexual reproduction in plants (Figure 2.1). We hypothesize that as 365 

disturbance severity increases, vegetative biomass will decline until there is complete 366 

mortality of the population. Moreover, we suggest that flowering biomass will increase 367 

with disturbance to some intermediate level but then decline as disturbance severity 368 

increases. This increase in flowering biomass is the result of a tradeoff in which 369 
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individuals reallocate resources from asexual to sexual reproduction as disturbance 370 

increases the mortality risk and reduces the fitness of clonal progeny. Ultimately, that 371 

tradeoff is not possible at high levels of disturbance when biomass declines and mortality 372 

increases for both clones and flowers.  373 

Here we use empirical data to explore our model of tradeoffs as it applies to non-native 374 

species. In particular, we considered the effects of disturbance on the invasion dynamics 375 

of a clonal plant, the dwarf eelgrass, Zostera japonica Aschers. & Graebn., across 376 

different disturbance regimes in Yaquina Bay, a North American Pacific coast estuary 377 

near Newport, Oregon. Zostera japonica is an intertidal eelgrass species originally native 378 

to the estuaries along the mid to northern latitudes of the Western Pacific Ocean, from 379 

subtropical Vietnam to the Kamchatka Peninsula (Den Hartog 1970). It was introduced to 380 

estuaries along the Eastern Pacific Ocean at some point during the past century (Harrison 381 

1982a), presumably because it was used as packaging material in shipments of Japanese 382 

oysters (Crassostrea gigas) being transported for aquaculture (Wonham and Carlton 383 

2005). It is not known how many times Z. japonica was introduced, but it currently 384 

occupies most estuaries from Northern California to Southern British Columbia (Larned 385 

2003, Shafer et al. 2008).  386 

In its non-native range, Z. japonica invades the high elevation zone of un-vegetated 387 

intertidal mudflats, with ranges reported between +1 and +3 m above MLLW (Dumbauld 388 

and Wyllie-Echeverria 2003, Kaldy 2006), and often co-occurs with the native burrowing 389 

shrimp, Neotrypaea californiensis (Dumbauld and Wyllie-Echeverria 2003), as well as in 390 

beds of shellfish species used for aquaculture (Tsai et al. 2010). In some cases Z. 391 

japonica patches may abut or intermingle with the native congener, Zostera marina 392 
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(Kaldy 2006), though generally the two species are spatially separated due to a preference 393 

of Z. japonica to inhabit higher intertidal elevations. Zostera japonica is a perennial 394 

seagrass and reproduces via vegetative growth and the production of seeds. Shoots 395 

senesce following flowering, though an individual may be comprised of a number of 396 

shoots linked by a common rhizome, which may not all flower during the same year 397 

(personal observation).  398 

In seagrasses, seed production and dispersal are critical to the colonization of novel 399 

sites and the long-term maintenance of populations (Orth et al. 2006). In the invaded 400 

range of Z. japonica, reproductive shoots have been found to comprise 2%  70% of the 401 

total population (Harrison 1982b, Kaldy 2006), and recruitment from seeds has been 402 

reported as being relatively high in at least one instance, comprising 30% of individuals 403 

recruiting into the population (Ruesink et al. 2009). The seeds of Z. japonica are 404 

negatively buoyant, and are not thought to disperse far from a population of parent plants, 405 

likely not moving more than 15 m outside of the boundary of a patch of Z. japonica 406 

(Almasi and Eldridge 2008). Rare dispersal events at scales greater than 15 meters must 407 

occasionally occur in order for Z. japonica to have successfully proliferated throughout 408 

estuaries in its invaded range, and it is possible that these long-range dispersal events 409 

occur via a similar mechanism that has been proposed for long-distance dispersal in the 410 

native congener, Z. marina. In this species seeds are rafted over great distances (+30 km) 411 

on positively buoyant detached reproductive shoots (Harwell and Orth 2002), and are 412 

also transported by biotic mechanisms where ingested seeds are dispersed in the feces of 413 

birds or fish (Sumoski and Orth 2012). 414 
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The influence of biotic and abiotic environmental factors on flowering in Z. japonica is 415 

not well understood. Observational studies have observed differences in flowering 416 

between years at a site (Harrison 1982a, Kaldy 2006), and between sites in an estuary 417 

(Larned 2003, Ruesink et al. 2009). One experiment quantified the response of flowering 418 

following disturbance and found that disturbance treatments, which were induced by 419 

removing above and below ground biomass from a plot and allowing the plot to be 420 

recolonized by Z. japonica showed a 19 fold increase in flowering shoots compared to 421 

control plots (Bando 2006). Thus, further examination of the relationship between 422 

disturbance and sexual reproduction in Z. japonica could yield insights into factors that 423 

have contributed to the spread of this invasive species. In its native range, sedimentation 424 

from development is believed to threaten dwarf eelgrass populations (Lee 1997) and 425 

therefore may be an important process impacting the distribution and abundance of this 426 

species in the Pacific Northwest.  427 

The soft-bottomed intertidal mudflats Z. japonica invades within the Pacific Northwest 428 

are prone to disturbance driven by a number of abiotic and biotic processes that result in 429 

sediment movement across a range of spatial and temporal scales. The movement of 430 

water, or hydrology, of estuaries is a critical process that moves sediment.  Peterson et al. 431 

(1984) considered the hydrology, and the resultant effects on sediment transport, in six 432 

estuaries that were classified as sharing similar hydrographic characteristics (area, 433 

volume, depth, freshwater discharge, tidal prism) to Yaquina Bay, Oregon (Engle et al. 434 

2007). In these systems, sediment transport occurs both landward and seaward, with fine 435 

sediments (silts and clays) being carried seaward during high freshwater discharge events 436 

caused by flooding from wet-season storms, and sand being carried landward and up onto 437 



	  

	  

	  

12 

channel margins or mudflats during dry season flood tides when low freshwater discharge 438 

allowed seawater intrusion into the estuary. This large-scale process of sediment influx is 439 

affected by anthropogenic influences on the landscape. Because the magnitude of 440 

freshwater and tidal flow in an estuary have been shown to influence the sand to mud 441 

ratio of estuarine sediments (Peterson et al. 1984), one might expect that man-made 442 

structures at the mouth of the estuary (i.e., jetties, breakwaters, and dredged channels), 443 

along with alterations to the hydrology of estuarine catchment areas (by changes in land 444 

use practices) could have impacts. It has been shown that increasing the human 445 

population density in a catchment increases the silt and clay content of an estuary and 446 

reduces the ratio of avifaunal to infaunal species (Edgar and Barrett 2000). 447 

Once deposited in the estuary, sediments from the ocean and riverine sources become 448 

entrained in smaller scale abiotic and biotic processes that redistribute them in a manner 449 

that constitutes disturbance to benthic communities. Abiotic processes driving sediment 450 

redistribution in an estuary include the movement of sediments by wind-driven waves, 451 

which primarily affects sites in open embayments where physical obstructions to wind 452 

and waves are absent (Norkko et al. 2002), and the seasonal migration of sediment to the 453 

turbidity maximum in the upper estuary during the dry season and to mid estuary 454 

deposition areas in the wet season (Bale et al. 1985). A major biotic factor influencing 455 

sediment movement in Pacific Northwest estuaries is bioturbation of sediments by 456 

burrowing shrimp, N. Californiensis, which has been shown to negatively impact 457 

expansion of Z. japonica growing in the presence of burrowing shrimp, presumably due 458 

to the deposition of silt on top of Z. japonica shoots (Harrison 1987, Dumbauld and 459 

Wyllie-Echeverria 2003). Anthropogenic influences on the process at these scales include 460 
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the building of structures such as dredged channels and breakwaters (Ellis et al. 2000) 461 

and aquaculture operations that involve dredging and the chemical removal of burrowing 462 

shrimp (Simenstad and Fresh 1995).  463 

The combination of these natural and anthropogenic processes influencing sediment 464 

influx and redistribution within estuaries likely results in variable amounts of sediment 465 

disturbance, with potential direct effects on seagrass populations inhabiting those areas. 466 

Generally, sediment disturbance in the form of burial or erosion has a negative direct 467 

effect on seagrasses by reducing biomass and aerial production, though disturbance is a 468 

natural component of the ecosystem and to some degree seagrass systems are adapted to 469 

such conditions (Cabaço et al. 2008). The notion that disturbance may also have positive 470 

direct effects on a species of seagrass by increasing sexual reproduction in a population 471 

has received less attention, though it has been observed that populations of Z. marina 472 

inhabiting disturbed environments increase sexual reproduction as compared to adjacent 473 

undisturbed environments (Keddy and Patriquin 1978, Meling-López and Ibarra-Obando 474 

1999). 475 

To further examine the possibility that disturbance could exert direct effects and 476 

tradeoffs in the invasive Z. japonica under some disturbance conditions (Figure 2.1), we 477 

conducted observational and experimental studies to look at the effects of disturbance on 478 

the invasion success of Z. japonica in Yaquina Bay, Oregon USA. In particular, we 479 

conducted two years of monthly monitoring at six sites representing the gradient of 480 

potential disturbance regimes, and also conducted a field experiment at three sites 481 

representative of low, middle, and high disturbance. We used these data in answering the 482 

following questions: (1) Is there a relationship between disturbance severity at a site and 483 
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seasonal trends in the allocation of resources to vegetative growth and sexual 484 

reproduction (flowering)? (2) Does increasing disturbance severity result in a tradeoff 485 

between the allocation of resources to sexual reproduction versus vegetative growth? (3) 486 

If so, what are the implications of these tradeoffs to the proliferation of this invasive 487 

species?  488 

2.2 METHODS 489 

2.2.1 Study system 490 

Yaquina Bay is a drowned river mouth estuary located on the Central Oregon Coast, 491 

USA. The catchment is 95% forest, 1.5% agriculture, and 2.5% urban areas, and drains 492 

an area of 634 km2. The total volume of Yaquina Bay is estimated at 2.9 x 107 m3, tidal 493 

volume is estimated at 2.6 x 107 m3, and tidal exchange is estimated to take 13 days 494 

(National Estuarine Eutrophic Assessment; http://ian.umces.edu/neea/). The largest 495 

source of freshwater input into Yaquina Bay is the Yaquina River, which has a hydrology 496 

497 

following heavy rains and minimal freshwater input in the summer (NOAA Advanced 498 

Hydrologic Prediction Service; http://water.weather.gov/ahps/).  499 

2.2.2 Observational study of dwarf eelgrass and sedimentation relationships 500 

Monthly field surveys were conducted at six sites within Yaquina Bay, Oregon, from 501 

December 2010 to December 2012 to establish the seasonality of disturbance regimes and 502 

the demographics of Z. japonica. Sites were spread throughout the marine influenced 503 

portions of the estuary (Figure 2.2), and included Driveshaft Beach (DB; 44o 504 

124o oping sand dominated site located 200 m downstream of 505 

the mouth of King Slough, Alligator Creek (AC; 44o o 506 
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507 

aggregation of the burrowing shrimp, Little Nye Beach (LNB; 44o 508 

124o 509 

Bend within an aggregation of burrowing shrimp, Mad Dog Patch (MDP; 510 

44o o  gravel, clay, and sandstone 511 

512 

44o o 513 

upstream of the Oregon Oyster Farm dock, and Honkers Flatt (HF; 44o 514 

123o 515 

Oregon Oyster Farm docks and downstream from the mouth of a small un-named slough. 516 

At each site the Z. japonica bed extended between +1 m to +3 m above MLLW, and was 517 

sampled within an area that stretched 50 m along the shore (delineated by permanent 518 

PVC post driven into the mud). Temperature was monitored at each site by Onset HOBO 519 

dataloggers (n =3) logging at 30 min intervals. Salinity (PSU) at each site was measured 520 

on the mudflat at low tide with a refractometer (n =3) five times during 2011 (July, 521 

August, October, November, and December) and five times during 2012 (February, 522 

April, August, November, December). Salinity did not vary by site but did vary by 523 

season, and was higher in the summer than the winter months (Appendix 1). Temperature 524 

was higher at site LNB than at site MDP (Tukey HSD; p < 0.05), but no other differences 525 

between sites were revealed by pairwise comparisons (Tukey HSD; p > 0.05) (Appendix 526 

1).  527 

As sediment disturbance is a general condition that can occur via a number of 528 

processes, we categorized disturbance with two types of measurements at each site: (1) 529 
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Permanent PVC stakes were driven into the sediment approximately 110 cm from each 530 

other and trimmed so that they were level with each other (n = 3). The distance from a 531 

level balanced atop the two PVC stakes to the sediment surface was measured every 10 532 

cm along the level each month. This method gave an estimate of the net change in 533 

sedimentation (i.e., amount of erosion and/or deposition) that occurred each month. (2) 534 

15 x 15 cm2 ceramic tiles were placed on top of the sediment surface (n = 10). Each 535 

month, accumulated sediment was brought back to the lab to be dried and weighed. The 536 

following equation is the relationship between depth and dry weight for each tile:  537 

Sediment depth (cm) = 0.0892 + 0.004 * sediment dry wt (g) tile-1 (linear regression; adj. 538 

R2 = 0.94, F1, 28 = 439.8, p < 0.0001).  539 

Eelgrass biometrics and the occurrence of other species were measured each month via 540 

several methods at each site. Percent cover of Z. japonica, macroalgae, detritus, and 541 

counts of mounds of burrowing infauna were surveyed within 0.25 x 0.25 m2 haphazardly 542 

tossed quadrats (n = 20) at each site. Within these quadrats Z. japonica was the most 543 

conspicuous species, though a high abundance of burrowing infauna mounds were 544 

observed at sites AC and LNB (Appendix 1, 2). Other macrophytes were rare in these 545 

quadrats, and only occasionally showed up in low abundance during the summer months 546 

(Appendix 1, 3). In addition to the quadrats, we haphazardly collected 15 cores (10.3 cm 547 

diam x 10 cm deep) of above and below ground biomass of Z. japonica at each site. 548 

These cores were taken back to the lab and rinsed through a 2 mm sieve to separate 549 

biomass, and a 710 µm sieve to capture the seeds. In each sample, we separated above 550 

ground biomass (shoots) from below ground biomass (roots and rhizomes) and dried and 551 

weighed biomass of each. We also counted the number of spathes (seed bearing 552 
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structures on reproductive shoots) and the number of seeds that were in the sediment 553 

(noting if they were hard and intact or mushy).  554 

2.2.3 Experimental manipulations of sedimentation on dwarf eelgrass 555 

To examine the effects of disturbance on vegetative and sexual reproduction in Z. 556 

japonica, we experimentally manipulated the magnitude of sedimentation events on plots 557 

at three sites during the summer of 2012. Sites were chosen to represent the gradient of 558 

ambient disturbance intensities that populations were exposed to during the summer 559 

months (when flowering occurs), and included a low sedimentation site (BB), a mid 560 

sedimentation site (HF), and a high sedimentation site (LNB). Disturbance differences 561 

between the sites were determined by examining the sediment tile data from 2011.Mean 562 

sedimentation on the tiles for 2011 was calculated, and these numbers were used to 563 

estimate whether a site had low, moderate, or high disturbance. Experimental plots (0.25 564 

x 0.25 m2) were subjected to one of three treatment levels starting in July 2012; high 565 

sedimentation (+3.2 cm sediment added to the plot), low sedimentation (+0.2 cm 566 

sediment added to the plot), or no sedimentation (+0 cm sediment added to the plot). We 567 

established three blocks per site with three replicates per treatment for a total of nine 568 

replicates of each treatment per site. 569 

Treatments were applied twice, once in July 2012 and once in August 2012. Just prior 570 

to treatment application, percent cover, shoot density, and flowering shoot density were 571 

measured within 0.125 x 0.125 m2 quadrats placed in the center of each plot. Ambient 572 

sedimentation was measured within each block by placing 15 x 15 cm2 ceramic tiles (n = 573 

5) within the block but outside the plots where they would not receive sediment from the 574 

treatment. During each month of the experiment, accumulated sediment on top of each 575 
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tile was measured for depth and collected to be dried and weighed. Total sedimentation 576 

for each plot was calculated by adding the ambient sedimentation within a block to the 577 

sedimentation that occurred as a result of the treatment.  578 

After three months (September 2012), the experiment was terminated and all above and 579 

below ground biomass of eelgrass, as well as the top 5 cm of sediment, was collected 580 

from 0.125 x 0.125 m2 quadrats placed in the center of each 0.25 x 0.25 m2 treatment plot 581 

to avoid the influence of edge effects from non-treatment areas outside of the plot. These 582 

samples were washed through a 2 mm sieve, which allowed the separation of the plants 583 

from the rest of the sample, and then a 710 µm sieve, which allowed the separation of 584 

seeds from the sediment. 585 

In the lab, we counted the number of flowering shoots harvested from each plot and the 586 

number of spathes per flowering shoot. We dissected spathes to count the number of 587 

fertilized and developing seeds in each spathe. We also measured dry biomass of 588 

reproductive shoots, non-reproductive shoots, and rhizomes. 589 

2.2.4 Statistical analyses 590 

Statistical analyses were conducted using the R platform (R Development Core Team 591 

2011). Monthly trends in eelgrass biometrics and sediment disturbance were analyzed by 592 

fitting mixed effects models in the nlme package to the response variable, with site, 593 

season, and year specified as fixed effects. A nesting structure was incorporated into the 594 

model to account for the repeated measures of month within season and year. Tukey HSD 595 

post hoc tests were conducted on significant factors, unless interactions were found, in 596 

which case one factor ANOVAs and Tukey HSD post hoc comparisons were conducted 597 

between levels of each factor (Underwood 1997). 598 
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Yearly means of Z. japonica biomass, percent cover Z. japonica, number of spathes, 599 

number seeds in the sediment, number of seedlings, and mean dry weight (g) of sediment 600 

accreted 15 x 15 cm2 tile-1 were calculated by pooling all samples from a year to produce 601 

12 data points for each metric (6 sites x 2 years). These data were used in regression 602 

models to establish the relationship between various Z. japonica biometrics and 603 

sedimentation.  604 

Results from the experiment were analyzed by fitting a mixed effects model using the 605 

nlme package in R (Zuur et al. 2009). Treatment was specified as a fixed effect, while 606 

site and block were specified as random effects. A nested structure was included in the 607 

model to account for the nesting of replicates in blocks at sites. Tukey HSD post hoc tests 608 

were conducted on significant factors, unless interactions were found, in which case one 609 

factor ANOVAs and Tukey HSD post hoc comparisons were conducted between levels 610 

of each factor (Underwood 1997). 611 

The correlation between sedimentation and vegetative biomass, flowering biomass, or 612 

flowering shoot density were considered by using a generalized additive model from the 613 

mgcv package in R (Zuur et al. 2009).  614 

2.3 RESULTS 615 

2.3.1 Sedimentation characterized by site, season, and year 616 

Changes in sedimentation using sediment stations and tiles varied among sites, seasons, 617 

and years with an interaction among these factors (Figures 2.3, 2.4; Tables 2.1, 2.2). The 618 

change per month in sediment height over the two-year study showed that sites DB, AC, 619 

MDP, BB, and HF were not statistically indistinguishable, while LNB had more change 620 

per month (Tukey HSD; p < 0.05; Figure 2.3). The change per month in sediment height 621 
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was greater in the winter than in the summer months for all sites except site MDP (Table 622 

2.1). 623 

Sediment accretion measured on the tiles was strongly site dependent, with sites DB, 624 

AC, and LNB having high sedimentation, site HF having moderate sedimentation, and 625 

sites MDP and BB having low sedimentation (Tukey HSD; p < 0.05; Figure 2.4). 626 

Sediment accretion on the tiles was greater in the summer months than the winter months 627 

for all sites. 628 

2.3.2 Dwarf eelgrass abundance over time and with sedimentation 629 

Abundance of eelgrass measured as percent cover and biomass varied by site, season, 630 

and year and there was an interaction among these factors (Figures 2.5, 2.6; Tables 2.3, 631 

2.4). The growing season generally began around April each year and extended into the 632 

summer (Figure 2.5, 2.6). Post hoc tests for both eelgrass abundance measures during 633 

summer months showed that sites BB and MDP had the greatest abundance, sites HF, 634 

DB, and LNB had intermediate abundance, and AC had the lowest abundance (Tukey 635 

HSD; p < 0.05). The peak abundance appeared to vary by site, but interestingly percent 636 

cover showed similar trends between years at a site. In addition, percent cover and 637 

biomass were both greatest in the summer months. Finally, there was a negative linear 638 

relationship between the abundance (percent cover and biomass) of Z. japonica and 639 

sedimentation (as measured by the sediment tiles) among the sites (calculated for each 640 

year) (Figure 2.7).   641 

2.3.3 Dwarf eelgrass sexual reproduction over time and with sedimentation 642 

The flowering season began around June each year, and generally lasted until 643 

November (Figure 2.8). Interestingly, sites with the low sedimentation (MDP, BB; as 644 
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measured on the sediment tiles) had a small amount of flowering into the winter. The 645 

number of seeds in the sediment began to rise in late summer (July or August) to late 646 

winter (Jan to April), but was gone by June at all sites (Figure 2.9). Seedlings were 647 

observed from September to April, with peaks observed from November to January 648 

(Figure 2.10). 649 

The number of spathes, seeds, and seedlings differed among sites but not year and 650 

there was a site by year interaction (Figures 2.8, 2.9, 2.10; Tables 2.5, 2.6). Spathes were 651 

most abundant at sites LNB, HF, and DB, MDP, and BB, and lowest at AC (Tukey HSD; 652 

p < 0.05). Seeds were most abundant at sites LNB, HF, and DB, of intermediate 653 

abundance at site BB, and lowest abundance at sites MDP and AC (Tukey HSD; p < 654 

0.05). Seedlings were most abundant at sites DB, LNB, HF, BB, and least abundant at 655 

sites MDP and AC (Tukey HSD; p < 0.05). 656 

Plots of the mean number of spathes, seeds, and seedlings versus the mean sediment 657 

accreted at each site for a given year were suggestive of a unimodal relationships, where 658 

sites with intermediate levels of sedimentation had the greatest sexual reproduction, but 659 

none of these relationships were statistically significant (Figure 2.11; spathes = -0.025  660 

24.10x2 + 20.19x; adj. R2 = 0.16, p = 0.186; seeds = 0.38  20.54x2 + 16.06x; adj. R2 = 661 

0.03, p = 0.352; seedlings = 0.08  4.19x2 + 3.53x; adj. R2 = -0.07, p = 0.549). 662 

2.3.4 Experimental manipulations of sedimentation on dwarf eelgrass  663 

Increasing sedimentation had effects on biomass, flowering shoots, flowering biomass, 664 

and seed production that varied by treatment and site, with interactions between treatment 665 

and site (Figure 2.12; Table 2.7). Biomass (Figure 2.12A; Table 2.7A) decreased in the 666 

high treatments, but was not significantly different in the control and low treatments 667 
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(Tukey HSD; p > 0.05). A decrease in biomass within the high treatments was observed 668 

at sites BB and HF, but not at site LNB (Tukey HSD; p > 0.05). Flowering shoots (Figure 669 

2.12B; Table 2.7B) were most abundant in the control treatment, of intermediate 670 

abundance in the low treatment, and least abundant in the high treatment (Tukey HSD; p 671 

< 0.05). A decrease in abundance with increasing treatment level was observed at sites 672 

BB and HF, but not at site LNB (Tukey HSD; p > 0.05). Flowering biomass (Figure 673 

2.12C; Table 2.7C) was reduced in the high treatments, but not in the low treatments 674 

(Tukey HSD; p < 0.05). A treatment effect was observed for each level for site HF, while 675 

sites BB and LNB were only significantly decreased in the high treatment (Tukey HSD; p 676 

< 0.05). The number of seeds per spathe (Figure 2.12D; Table 2.7D) did not differ among 677 

sites or treatments, with the exception of a slight increase in seeds per spathe that was 678 

observed in the high treatment at site HF (Tukey HSD; p < 0.05). The number of seeds 679 

produced in a plot (Figure 2.12E; Table 2.7E) was reduced in the high treatments but not 680 

in the low treatment, and only sites BB and HF were produced less seeds per plot in the 681 

high treatment (Tukey HSD; p > 0.05). 682 

The experiments showed that there was a decrease in vegetative biomass with 683 

increasing sedimentation (Figure 2.13). The generalized additive model indicated that 684 

seagrass biomass decreased by approximately 50% at sediment deposition rates of 1 cm 685 

per month, and was nearly 100% absent from a plot at sedimentation rates above 3.5 cm 686 

per month. The density of flowering shoots and flowering biomass both showed a 687 

unimodal response with increasing sedimentation (Figure 2.13). The generalized additive 688 

model indicated that reproduction was greatest at sediment deposition rates of 689 
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approximately 0.75 cm per month, and was effectively inhibited at sediment deposition 690 

rates above 1.5 cm per month.  691 

2.4 DISCUSSION 692 

2.4.1 Tradeoffs in Vegetative and Sexual Reproduction with Sedimentation 693 

Our study suggests that within the Pacific Northwest of the US, the invasion of 694 

previously un-vegetated mudflats by the non-native dwarf eelgrass, Z. japonica, has 695 

likely been directly impacted by variation in sedimentation across these dynamic soft- 696 

bottomed intertidal habitats. We observed that increasing disturbance from sedimentation 697 

resulted in negative direct effects on vegetative cover and biomass of Z. japonica (Figure 698 

2.7). As sedimentation increased, there was a linear decline in biomass and percent cover 699 

of this species, with the most disturbed sites having cover as low as 25% compared to the 700 

least disturbed sites with nearly 85% cover. In addition, our experiments confirmed that 701 

artificially increasing the rate of sedimentation lead to a drop in total biomass (Figure 702 

2.12) and this effect was linear over a range of sediment conditions (Figure 2.13). 703 

However, a different pattern was evident for sexual reproduction for the experimental 704 

part of the study. A unimodal relationship was evident in the experiment, with an increase 705 

in flowering and seed production as sedimentation increased to intermediate levels, and 706 

then a decline at high levels of sediment deposition (Figures 2.11, 2.13).  707 

These data fit the model we developed to predict the impact of disturbance on biomass 708 

and reproduction in populations of clonal plants exposed to gradients in disturbance 709 

severity (Figure 2.1). We suggest that the unimodal response of sexual reproduction is the 710 

result of a tradeoff between vegetative growth and sexual reproduction with increasing 711 

disturbance. Why might we expect to see tradeoffs between vegetative growth and sexual 712 
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reproduction? Theory suggests that vegetative growth is the safest reproductive strategy 713 

in a stable environment, while sexual reproduction is thought to be a mechanism for 714 

escaping disturbance (Silvertown 2008). In a sense, sexual reproduction produces a 715 

package (the seed) that allows for a spatial or temporal escape from disturbance. This 716 

idea is similar to the escape hypothesis (Grime 1979, Howe and Smallwood 1982), 717 

except that the processes limiting seedling recruitment (disturbance) are density 718 

independent. As with the escape hypothesis, selection favors individuals that escape an 719 

inhospitable environment by producing seeds. These individuals presumably shift 720 

resources to reproduction as they experience disturbance, presumably through damage 721 

inflicted by the disturbance event. Natural selection has been shown to drive the timing of 722 

flowering in plants exposed to herbivory and disturbance by fire (Schemske 1984, Keeley 723 

and Bond 1999), and increased reproductive effort has been observed across a plant 724 

community immediately following a severe disturbance event (Hopkins and Graham 725 

1987). It would thus seem plausible that physiological mechanisms exist that would allow 726 

for selection to favor individuals that flower in response to increasing disturbance. This 727 

response could be particularly important for introduced, non-native species that are 728 

entering a novel environment.  729 

2.4.2 E ffects of Sedimentation on Seagrasses 730 

Our experimental data showed that flowering and seed production were greatest 731 

between 0 and 1.5 cm of sediment deposition, but declined precipitously above that level 732 

(Figure 2.13). These results suggest that Z. japonica is tolerant of sedimentation levels 733 

between 0 and 1.5 cm per month, and that within this range increasing sedimentation 734 

results in an increase in the density of flowering shoots up to the point that mortality 735 
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begins to drive density downward, which appears to occur at sediment deposition levels 736 

of approximately 0.75 cm per month. At levels of sedimentation beyond 1.5 cm per 737 

month disturbance is too great for plants to persist. The data from the observational study 738 

suggest that the levels of sedimentation that Z. japonica tolerated in the manipulative 739 

experiment were slightly higher than the levels it was tolerant of under natural conditions. 740 

Under natural disturbance regimes, 100% mortality was seen at sedimentation levels 741 

above 1 cm per month (Figure 2.7), while in the field experiment 100% mortality was 742 

seen at sedimentation levels above 3.5 cm per month (Figure 2.13). These differences 743 

could be the result of the pulse rather than press nature of the manipulative experiment. 744 

Specifically, a longer duration of exposure to disturbance may reduce stores of resources 745 

in an individual, hindering its ability to recover. Additionally, these differences may 746 

suggest that disturbance is not a process confined to the surface of the sediment, as was 747 

the case in the experiment where sediment was simply placed on top of a plot. In a 748 

natural setting disturbance may impact deeper layers of the sediment as well. This is 749 

especially true of disturbance driven by bioturbation, such as we see with burrowing 750 

animals, which can have negative effects on below ground structures such as roots and 751 

rhizomes in addition to the negative effects on the shoots (Townsend and Fonseca 1998).  752 

The methods employed in this study focused on disturbance processes that occurred at 753 

a scale small enough to be specific to particular sites in Yaquina Bay. Our drivers of 754 

disturbance at this scale were likely both abiotic and biotic. The sites with the highest 755 

sedimentation rates were AC, LNB, and DB respectively (Table 2.1). These were also the 756 

sites with the highest number of infauna burrows (Appendix 1). We suspect that 757 

burrowing infauna play a substantial role in sediment deposition, as burrow holes were 758 
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greatest in the summer months (Appendix 1), as was the sediment accretion on the tiles 759 

(Table 2.1). This was contrary to the sediment stations in which the greatest change 760 

occurred during the winter months (Table 2.1). The disturbance caused by burrowing 761 

infauna is generally assumed to create a layer of silt that smothers benthic organisms 762 

(Dumbauld and Wyllie-Echeverria 2003), but is not associated with a change in sediment 763 

height. A process that is capable of changing sediment height is the movement of 764 

sediment bedload by wind-driven waves (Marba and Duarte 1995), which is a process 765 

that we would expect to dominate this system in the winter as large storms moved 766 

through. In this study though we did not directly measure the abiotic drivers of 767 

disturbance, so we cannot reliably tease apart the individual contributions of various 768 

processes that constituted disturbance. Suffice it to say that at this scale the processes that 769 

lead to disturbance of the sediment appear consistent and explicit to a site (Figure 2.3).  770 

In the published literature on seagrasses, disturbance from sedimentation has generally 771 

been shown to have direct negative effects on shoot density and biomass. The amount of 772 

sedimentation that segrasses can tolerate varies by species, and is a function of blade 773 

width and shoot length, with smaller thinner species susceptible to negative effects at 774 

lower levels of sedimentation than larger thicker species (Cabaço et al. 2008). The effects 775 

on sexual reproduction have not been well documented across the full range of 776 

disturbance regimes seagrass populations are exposed to. The one study that has 777 

measured the response of reproduction to increasing levels of sedimentation found there 778 

is no effect of disturbance on sexual reproduction (Cabaço and Santos 2007). The levels 779 

of sedimentation that resulted in mortality were consistent with those of similar species 780 



	  

	  

	  

27 

examined in the review by Cabaço et al. (2008), though our work suggests increasing 781 

sedimentation can also have positive direct effects with respect to sexual reproduction.  782 

2.4.3 Implications of Sediment Deposition for Dwarf Eelgrass Invasion 783 

The positive correlation between disturbance and sexual reproductive effort has 784 

implications with respect to the ongoing invasion of Z. japonica in NE Pacific estuarine 785 

systems. We suspect that the dynamic nature of sediment movement in these systems has 786 

been facilitating the invasion by creating both spatial and temporal mosaics of sediment 787 

disturbance (Figure 2.3). Populations of Z. japonica inhabiting this mosaic display 788 

increased abundance of flowering shoots per unit area when a site is exposed to 789 

intermediate levels of disturbance (Figure 2.11), and it may be that this results in a 790 

differential contribution to dispersal from particular sites. Other authors have found that 791 

disturbance increases flowering in Z. japonica (Bando 2006), and have suggested that 792 

793 

reproductive output, and high growth rates, have contributed to the proliferation of this 794 

invasive species (Ruesink et al. 2009). This study corroborates those findings, and 795 

provides insight into a potential mechanism that could result in greater spread of this 796 

invasive species under certain sediment conditions. If disturbance is increasing sexual 797 

reproduction, it may be facilitating the invasion by increasing propagule pressure and by 798 

increasing the genetic diversity of this invader. This would result in an increased 799 

likelihood that Z. japonica could reach new sites, and, as has been shown in other 800 

invasive grasses, could result in an increase in genetic diversity that would allow this 801 

species to successfully proliferate across a wider range of environmental conditions 802 

(Lambrinos 2001). 803 
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When we consider the influence of large-scale processes on disturbance regimes in NE 804 

Pacific estuaries, we suspect that both land-use practices and climate have the potential to 805 

impact the amount of sedimentation occurring in these systems. Changes in land use that 806 

increase runoff and changes in climate that increase the severity or frequency of storms 807 

have been shown to increase the amount of sediment deposited in estuarine systems, with 808 

negative impacts on benthic communities (Ellis et al. 2000). While current climate 809 

models used by the IPCC are not conclusive on expectations for wetter winters in these 810 

systems, with some models predicting increased precipitation and some predicting no- 811 

change (Mote and Salathé Jr 2010), the human population in the region is expected to 812 

increase dramatically (Campbell 1997). An increase in human population density within 813 

these catchments could lead to increases in fine sediments within the estuary (Edgar and 814 

Barrett 2000). If more fine sediments enter these systems, we might expect a shift 815 

towards an increase in sediment deposition at previously low disturbance sites. As much 816 

of this sediment would initially be trapped at the turbidity maximum before migrating 817 

into lower portions of the estuary (Dyer 1995), we also might expect populations of Z. 818 

japonica in the upstream reaches of the estuary would be the first to experience an 819 

increase in disturbance, followed by downstream populations as the increased sediment 820 

load migrated throughout the system. In addition wet season precipitation is known to 821 

increase under certain phases of natural climate regimes such as the ENSO and PDO 822 

(Kiladis and Diaz 1989, Brown and Comrie 2004). This could impact local disturbance 823 

regimes by increasing runoff, which would push the turbidity maximum and the 824 

sedimentation associated with it seaward, and also increase the amount of fine sediments 825 

cycling through the system. 826 
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Overall, this work highlights the importance of considering the direct role of 827 

disturbance on the invasion success of non-native species. The direct effects of 828 

disturbance could be particularly important for invasive species that occupy open niche 829 

habitats, such as we see with dwarf eelgrass. Additionally, habitats that have disturbance 830 

regimes that are dynamic could create mosaics of sink or source populations that could 831 

sustain or hinder a particular invasion over time. As disturbance regimes change due to 832 

anthropogenic causes, it is important to document these tradeoffs and whether they could 833 

contribute to making communities more susceptible to invasion and thus of greater 834 

management concern.  835 
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Figure 2.1 Conceptual model diagramming the relationship between disturbance severity 849 
and the vegetative (asexual) and reproductive (sexual) biomass in a clonal plant. As 850 
disturbance severity increases, tradeoffs between the allocation of resources to vegetative 851 
biomass versus reproductive biomass results in increased sexual and decreased asexual 852 
biomass. At high levels of disturbance, there is increased mortality, reducing the overall 853 
biomass of the plants.  854 
 855 
 856 

   857 

858 
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Figure 2.2 Location of study sites in Yaquina Bay, Oregon USA. Sites, as ordered from 859 
the Pacific Ocean towards Yaquina River: Driveshaft Beach (DB; 44o 860 
124o o o 861 
Beach (LNB; 44o o ad Dog Patch (MDP; 44o 862 
124o o o 863 
Flatt (HF; 44o o  864 

 865 
	  	   866 

867 
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Figure 2.3 Mean (± SE) sediment height relative to permanent PVC posts at six sites 868 
(DB, AC, LNB, MDP, BB, HF; Fig 2.2) located within Yaquina Bay, Oregon, from 869 
January 2011 to November 2012. Sediment height was measured as the distance from the 870 
top of the PVC post to the sediment surface for a given month relative to the height 871 
during December 2010 when the posts were installed, and is reported as mean sediment 872 
height (cm) site-1 month-1 (n = 3). This gives a representation of what the sediment bed 873 
height was (relative to the initial measurement taken in December 2010) over the two 874 
years of the observational study. 875 
 876 

877 
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Figure 2.4 Mean (± SE) sediment accreted on top of ceramic tiles (15 x 15 cm) at six sites 878 
(DB, AC, LNB, MDP, BB, HF; Fig. 2.2) located within Yaquina Bay, Oregon, from 879 
January 2011 to November 2012. Sediment accretion was measured as depth of sediment 880 
accumulated in cm (n= 10).  881 

 882 



	  

	  

	  

34 

Figure 2.5 Mean (± SE) percent cover Zostera japonica measured within haphazardly 883 
tossed quadrats at six sites (DB, AC, LNB, MDP, BB, HF; Fig. 2.2) located within 884 
Yaquina Bay, Oregon, from January 2011 to November 2012. Percent cover is reported 885 
as cover Z. japonica per 0.25 x 0.25 m2 site-1 month-1 (n = 20). 886 

	   887 

888 
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Figure 2.6 Mean (± SE) biomass of Zostera japonica measured within 10.3 cm diameter 889 
cores taken at six sites (DB, AC, LNB, MDP, BB, HF; Fig. 2.2) in Yaquina Bay, Oregon, 890 
from January 2011 to November 2012. Biomass is reported as dry wt (g) Z. japonica 891 
core-1 site-1 month-1 (n = 15), and is the total biomass (i.e. both above and belowground). 892 

893 
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Figure 2.7 Linear regressions of mean percent cover Zostera japonica site-1 and mean 894 
biomass Z. japonica site-1 versus mean sediment accreted site-1. Percent cover was 895 
measured as percent cover Z. japonica 0.25 x 0.25 m2 site-1 month-1 (N= 20). Biomass 896 
was measured as dry wt (g) core-1 site-1 month-1 (n = 15). Sediment accreted per tile was 897 
measured as dry wt (g) sediment tile-1 site-1 month-1 (n =10). Samples were pooled by 898 
year for a site, and yearly means of percent cover and biomass were regressed on yearly 899 
means of sediment accreted per tile for each site to yield 12 data points (6 sites * 2 years) 900 
for each regression. 901 

 902 
903 
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Figure 2.8 Mean (± SE) spathes (seed bearing structures on flowering Zostera japonica 904 
shoots) within 10.3 cm diameter cores at six sites (DB, AC, LNB, MDP, BB, HF; Fig. 905 
2.2) in Yaquina Bay, Oregon, from January 2011 to November 2012. Spathes were 906 
measured as mean number spathes core-1 site-1 month-1 (n = 15). 907 

	   908 

909 
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Figure 2.9 Mean (± SE) size of the seed bank of Zostera japonica within the sediment of 910 
10.3 cm diameter cores taken at six sites (DB, AC, LNB, MDP, BB, HF; Fig. 2.2) in 911 
Yaquina Bay, Oregon, from January 2011 to November 2012. Seeds were measured as 912 
mean number seeds core-1 site-1 month-1 (n = 15). 913 

	   914 

915 
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Figure 2.9 Mean (± SE) number of Zostera japonica seedlings (as identified by the 916 
presence of a seed coat attached to the rootlets or an individual) or geminating seeds 917 
within 10.3 cm diameter cores taken at six sites (DB, AC, LNB, MDP, BB, HF; Fig. 2.2) 918 
in Yaquina Bay, Oregon, from January 2011 to November 2012. Seedlings were 919 
measured as mean number of seedlings core-1 site-1 month-1 (n = 15). 920 

	   921 
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Figure 2.11 Polynomial relationships between mean number of spathes, mean number of 923 
seeds in the seed bank, and mean number of seedlings versus sedimentation. Spathes, 924 
seeds in the seed bank, and seedlings were measured as mean number core-1 site-1 month-1 925 
(n = 15), and sediment accreted on tiles was measured as sediment dry wt (g) tile-1 site-1 926 
month-1 (n =10). Samples were pooled by year for a given site, and yearly means of 927 
spathes, seeds in the seed bank, and seedlings were regressed on yearly means of 928 
sediment accreted on tiles to yield 12 data points for each regression (6 sites * 2 years). 929 
 930 

	   931 

	   932 
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Figure 2.12 Summary results from the experimental manipulations examining the effects 934 
of sedimentation on Zostera japonica at three sites representative of a sedimentation 935 
gradient in Yaquina Bay, Oregon. These three sites included a low sedimentation site 936 
(BB; Fig. 2.2), a moderate sedimentation site (HF; Fig 2.2), and a high sedimentation site 937 
(LNB; Fig. 2.2). Manipulations included a control with +0 cm sediment plot-1 site-1 (n = 938 
9), a low addition with + 0.2 cm sediment plot-1 site-1 (n = 9), and a high addition with + 939 
3.2 cm sediment plot-1 site-1 (n = 9). All responses reported below were made during the 940 
termination of the experiment, and represent two treatment applications over three 941 
months (July  September). Post hoc tests given in Table 2.7. 942 

 943 
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Figure 2.13 Generalized additive model of the effects of the monthly sedimentation plot-1 945 
on vegetative biomass plot-1, flowering biomass plot-1, and density of flowering shoots 946 
plot-1 (n = 81) in the manipulative field experiment. Responses are reported as measured 947 
at the termination of the experiment. Mean deposition is total sedimentation within a plot 948 
(ambient sedimentation + treatment sedimentation) averaged per month over the 3 949 
months of the experiment. 950 

	   951 

	   	   952 
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Table 2.1 Mean (± SE) sedimentation parameters measured at six sites (DB, AC, LNB, 953 
MDP, BB, HF; Figure 2.2) in Yaquina Bay, Oregon, from January 2011 to December 954 
2012. Mean values are determined from pooled samples of all summer (June  955 
September) and winter (November, January, April) months. Sediment stations reports the 956 
absolute values of the mean change in sediment height relative to permanent PVC posts 957 
in |cm| station-1 site-1 month-1 (n = 3). The absolute value was reported for these data to 958 
avoid the effects of erosion (negative change) canceling out the effects of deposition 959 
(positive change), which results in no-change being reported. Sediment tiles report 960 
sediment accreted on top of 15 x 15 cm2 ceramic tiles in cm tile-1 site-1 month-1 (n = 961 
10) 962 

	   963 

 Sediment Stations 

(mean change in sediment height |cm|) 

Sediment T iles 

(mean deposition (cm) tile-1) 

 Summer Winter Summer Winter 

DB 0.39 ± 0.06 0.91 ± 0.19 0.61 ± 0.08 0.45 ± 0.08 

A C 0.24 ± 0.03 0.41 ± 0.05 0.79 ± 0.04 0.59 ± 0.06 

L NB 0.54 ± 0.11  0.67 ± 0.09 0.71 ± 0.06 0.50 ± 0.06 

M DP 0.44 ± 0.12 0.36 ± 0.06 0.14 ± 0.01 0.11 ± 0.01 

BB 0.34 ± 0.06 0.71 ± 0.13 0.17 ± 0.01 0.17 ± 0.01 

H F 0.41 ± 0.07 0.42 ± 0.09 0.41 ± 0.02 0.18 ± 0.01 

 964 

	   	   965 
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 966 

Table 2.2 Linear mixed effects model results for sediment disturbance parameters 967 
measured at six sites (DB, AC, LNB, MDP, BB, HF; Fig. 2.2) in Yaquina Bay, Oregon, 968 
from January 2011 to December 2012. Effects of site, season (summer or winter), or year 969 
(2011 or 2012) on mean change in sediment height relative to permanent PVC posts in 970 
|cm| station-1 site-1 month-1 (n = 3) and on cm sediment tile-1 site-1 month-1 (n = 10). 971 
Differences between sites are compared during the summer and winter seasons of 2011 972 
and 2012 (fixed effect = site). ns = no significant difference (p > 0.05); *p < 0.05; **p < 973 
0.001; ***p < 0.0001 974 

Response Sample 
Size 
(n) 

F ixed E ffect Df F ixed E ffect, 
df E r ror 

F  (p) 

Sediment 
Stations 
(mean 

change in 
sediment 

height |cm|) 

249 

Site 

Season 

Year 

Site * Season * Year 

5, 215 

1, 5 

1, 5 

5, 215 

4.01 (**) 

3.93 (ns) 

0.14 (ns) 

4.31 (**) 

Sediment 
T iles   (mean 

g dry wt tile-1) 
755 

Site 

Season 

Year 

Site * Season * Year 

5, 721 

1, 5 

1, 5 

5, 721 

77.00 (***) 

2.24 (ns) 

4.24 (ns) 

6.50 (***) 

 975 

	   	   976 
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Table 2.3 Mean (± SE) abundance (percent cover and biomass) of Zostera japonica at six 977 
sites (DB, AC, LNB, MDP, BB, HF; Fig. 2.2) in Yaquina Bay, Oregon, from January 978 
2011 to December 2012. Mean values are determined from pooled samples of all summer 979 
(June  September) and winter (November, January, April) months sampled. Percent 980 
cover is measured as cover per 0.25 x 0.25 m2 site-1 month-1 (n = 20). Biomass is mean 981 
dry wt (g) core -1 site-1 month-1 (n = 15). 982 

 Percent Cover Z . japonica 

(mean percent cover 0.252 m-1) 

Biomass Z . japonica 

(mean g dry wt core-1) 

 Summer Winter Summer Winter 

DB 53.4 ± 2.4 26.6 ± 2.0 0.76 ± 0.06 0.56 ± 0.06 

A C 24.6 ± 1.8 5.8 ± 0.7 0.37 ± 0.03 0.13 ± 0.02  

L NB 40.7 ± 2.2 25.1 ± 2.3 0.67 ± 0.06 0.46 ± 0.06 

M DP 60.8 ± 1.5 32.7 ± 1.7 1.12 ± 0.06 0.97 ± 0.08 

BB 87.0 ± 1.2 58.4 ± 2.8 1.27 ± 0.09 1.22 ± 0.10 

H F 54.2 ± 2.6 21.5 ± 1.4 0.70 ± 0.04 0.37 ± 0.02 

 983 

	   	   984 
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Table 2.4 Linear mixed effects model results for dwarf eelgrass percent cover and 985 
biomass measured at six sites (DB, AC, LNB, MDP, BB, HF; Fig. 2.2) in Yaquina Bay, 986 
Oregon, from January 2011 to December 2012. Effects of site, season (summer or winter), 987 
or year (2011 or 2012) on mean percent cover Zostera japonica per 0.25 x 0.25 m2 site-1 988 
month-1 (n = 20) and on mean dry wt (g) biomass Z. japonica core -1 site-1 month-1 (n = 989 
15). Differences between sites are compared during the summer and winter seasons of 990 
2011 and 2012 (fixed effect = site). ns = no significant difference (p > 0.05); *p < 0.05; 991 
**p < 0.001; ***p < 0.0001 992 

Response Sample 
Size (n) 

F ixed E ffect Df F ixed E ffect, 
df E r ror 

F  (p) 

% Cover Z . 
japonica 

(mean % cover 
0.252 m-1) 

1660 

Site 

Season 

Year 

Site * Season * Year 

5, 1626 

1, 5 

1, 5 

5, 1626 

78.67 (***) 

11.73 (**) 

7.96 (**) 

5.21 (***) 

Biomass Z . 
japonica 

(mean g. dry wt. 
core-1) 

1229 

Site 

Season 

Year 

Site * Season * Year 

5, 1195 

1, 5 

1, 5 

5, 1195 

77.56 (***) 

7.67 (***) 

6.19 (ns) 

5.41 (**) 

 993 

	   	   994 



	  

	  

	  

47 

Table 2.5 Mean (± SE) parameters related to sexual reproduction in Zostera japonica at 995 
six sites (DB, AC, LNB, MDP, BB, HF; Fig. 2.2) in Yaquina Bay, Oregon, from January 996 
2011 to December 2012. Mean values are determined from pooled samples of all months 997 
sampled (Jan, April, June  September, November) for a given year (2011 or 2012). 998 
Flowering reports mean spathes (seed bearing structures on flowering shoots) core-1 site-1 999 
month-1 (n = 15). Seed bank reports mean hard seeds (within the sediment) core-1 site-1 1000 
month-1 (n = 15). Seedlings reports mean germinating seeds or juveniles with visible seed 1001 
coat attached to rootlets core-1 site-1 month-1 (n = 15). 1002 

 F lowering 

(mean spathes core-1) 

Seed Bank 

(mean seeds core-1) 

Seedlings 

(mean seedlings core-1) 

 2011 2012 2011 2012 2011 2012 

DB 4.75 ± 1.03 2.10 ± 0.49 2.03 ± 0.49 1.49 ± 0.30 1.73 ± 0.54 0.09 ± 0.04 

A C 2.42 ± 0.65 0.65 ± 0.17  0.06 ± 0.03 0.34 ± 0.92 0.10 ± 0.06 0.09 ± 0.03 

L NB 5.36 ± 1.07 2.48 ± 0.54 3.20 ± 0.71 4.00 ± 0.68 0.83 ± 0.21 0.32 ± 0.08 

M DP 2.53 ± 0.47 1.58 ± 0.28 1.52 ± 0.58 1.01 ± 0.20 0.19 ± 0.06 0.12 ±0.05 

BB 4.03 ± 0.51 2.50 ± 0.55 2.83 ± 0.40 3.99 ± 0.57 0.85 ± 0.23 0.20 ± 0.06 

H F 0.68 ± 0.18 6.45 ± 1.27 1.57 ± 0.25 7.37 ± 1.03 0.75 ± 0.19 0.15 ± 0.06 

 1003 

	   	   1004 
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Table 2.6 Linear mixed effects model results for parameters related to sexual 1005 
reproduction in Zostera japonica measured at six sites (DB, AC, LNB, MDP, BB, HF; 1006 
Fig. 2.2) in Yaquina Bay, Oregon, from January 2011 to December 2012. Effects of site 1007 
or year (2011 or 2012) on mean spathes core-1 site-1 month-1 (n = 15); mean number of 1008 
seeds in the seed bank core-1 site-1 month-1 (n = 15); mean number of seedlings core-1 site- 1009 
1 month-1 (n = 15). Differences between sites are compared during both years (2011 and 1010 
2012) of the observational study (fixed effect = site). ns = no significant difference (p > 1011 
0.10); *p < 0.10; **p < 0.001; ***p < 0.0001 1012 

Response Sample 
Size (n) 

F ixed E ffect Df F ixed 
E ffect, df 

E r ror 

F  (p) 

F lowering 

(mean no. spathes core-1) 
1229 

Site 

Year 

Site * Year 

5, 1205 

1, 6 

5, 1205 

4.54 (**) 

0.47 (ns) 

12.61 (***) 

Seed Bank 

(mean no. seeds core-1) 
1229 

Site 

Year 

Site * Year 

5, 1205 

1, 6 

5, 1205 

24.65 (***) 

1.88 (ns) 

13.61 (***) 

Seedlings 

(mean no. seedlings core-1) 1229 

Site 

Year 

Site * Year 

5, 1205 

1, 6 

5, 1205 

5.54 (***) 

2.97 (ns) 

5.03 (**) 



	  

	  

	  

Table 2.7 Linear mixed effects model results from the experimental manipulation examining the effects of sedimentation on dwarf 1013 
eelgrass reproduction at three sites (BB, HF, LNB; Fig. 2.2) in Yaquina Bay, Oregon. Total biomass (mean g dry wt 0.25 x 0.25 1014 
m2 plot-1), flowering shoot density (mean no. 0.25 x 0.25 m2 plot-1), flowering biomass (mean g dry wt 0.25 x 0.25 m2 plot-1), and 1015 
number of seeds per spathe (mean no. seeds spathe-1 plot-1) and total seeds on plants per plot (mean no. seeds plot-1) were used as 1016 
response variables with treatment and site as fixed effects. Tukey HSD post hoc tests were conducted to examine differences 1017 
between sites for a given treatment, and to examine differences between treatments for a given site (Tukey HSD; p > 0.05). ns = no 1018 
significant difference (p > 0.05); *p < 0.05; **p < 0.001; ***p < 0.0001 1019 

Response Sample Size (n) F ixed E ffect df F ixed E ffect, df 
E r ror 

F  (p) Tukey HSD (treatment) Tukey HSD (site) 

Total Biomass  

(mean g dry wt 0.252 m plot-1) 
81 

Treatment 

Site 

Treatment * Site 

2, 46 

2, 46 

4, 46 

80.22 (***) 

72.94 (***) 

29.99 (***) 

C: BB > HF > LNB 

L: BB > HF > LNB 

H: HF > BB = LNB 

BB: C = L > H 

HF:  C = L > H 

LNB: C = L = H 

F lowering Shoot Density 

(mean no. 0.252 m plot-1) 
81 

Treatment 

Site 

Treatment * Site 

2, 46 

2, 46 

4, 46 

30.79 (***) 

31.09 (***) 

9.74 (***) 

C: HF > BB = LNB 

L: HF = BB > LNB 

H: HF = BB = LNB 

BB: C = L > H 

HF: C > L > H 

LNB: C = L = H 

F lowering Biomass 

(mean g dry wt 0.252 m plot-1) 
81 

Treatment 

Site 

Treatment * Site 

2, 46 

2, 46 

4, 46 

17.99 (***) 

19.58 (***) 

7.21 (***) 

C: HF = BB > LNB 

L: HF = BB > LNB 

H: HF = BB = LNB 

BB: C = L > H 

HF: C > L > H 

LNB: C = L = H 

Seeds per Spathe 

(mean no. seeds spathe-1 plot-1) 
81 

Treatment 

Site 

Treatment * Site 

2, 46 

2, 46 

4, 46 

3.17 (*) 

0.76 (ns) 

1.45 (ns) 

C: HF = BB = LNB 

L: HF = BB = LNB 

H: HF = LNB 

BB: C = L  

HF: L = C > H 

LNB: C = L = H 

Seeds per Plot 

(mean no. 0.252 m plot-1) 
81 

Treatment 

Site 

Treatment * Site 

2, 46 

2, 46 

4, 46 

19.71 (***) 

25.32 (***) 

6.00 (***) 

C: HF > BB > LNB 

L: HF = BB > LNB 

H: HF = BB = LNB 

BB: C = L > H 

HF: C = L > H 

LNB: C = L = H 

1020 
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3 - Conclusion 1021 

In this thesis, I have addressed three broad questions related to the role of disturbance 1022 

in the invasion dynamics of dwarf eelgrass, Zostera japonica. My questions were: (1) Is 1023 

there a relationship between disturbance severity at a site and seasonal trends in the 1024 

allocation of resources to vegetative growth and sexual reproduction (flowering)? (2) 1025 

Does increasing disturbance severity result in a tradeoff between the allocation of 1026 

resources to sexual reproduction versus vegetative growth? (3) If so, what are the 1027 

implications of these tradeoffs to the proliferation of this invasive species?  1028 

Overall, I found that the direct effects of disturbance on the dwarf eelgrass, Zostera 1029 

japonica, were spatially and temporally variable across a sediment disturbance gradient. 1030 

Disturbance had direct negative effects on vegetative reproduction with increasing 1031 

disturbance severity, as has been shown previously in a number of seagrass species 1032 

(Cabaço et al. 2008). However, the effects of sedimentation on sexual reproduction was 1033 

unimodal suggesting disturbance drives tradeoffs in resource allocation within this 1034 

invasive seagrass species. These tradeoffs led to the highest levels of sexual reproduction 1035 

occurring at sites with intermediate levels of sediment disturbance, and the lowest levels 1036 

of sexual reproduction occurring at sites with either high or low levels of sediment 1037 

disturbance. As dispersal to new sites is dependent upon seeds in seagrasses (Orth et al. 1038 

2006), my research implies that variability in disturbance could be an important factor 1039 

driving the ongoing invasion.  1040 

Within estuarine systems, disturbance is driven by a number of natural and 1041 

anthropogenic processes (Ellis et al. 2000). Anthropogenic alterations to disturbance 1042 
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regimes have been found to increase the likelihood of invasion success (Hobbs and 1043 

Huenneke 1992). In estuarine systems, factors such as the density of human populations 1044 

(Edgar and Barrett 2000), aquaculture (Simenstad and Fresh 1995), and alteration of 1045 

hydrology and hydrography (Ellis et al. 2000) could alter the disturbance regimes that 1046 

invasive species such as dwarf eelgrass experience. For this reason, it is important to 1047 

understand the disturbance regimes non-native species experience, what effect they may 1048 

have on the spread of potential invaders, and whether changes in these regimes could 1049 

make communities more susceptible to invasion and thus of management concern 1050 

(Huston 2004). This thesis is one step in that direction and should contribute to the 1051 

growing body of literature demonstrating the importance of the direct effects of 1052 

disturbance to invasion success.  1053 

1054 
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Appendix 1 Table of physical parameters and biological interactors (mean ± SE) present at six sites (DB, AC, LNB, MDP, BB, 1254 
HF; Fig. 2.2) in Yaquina Bay, Oregon. Salinity did not vary by site (ANOVA; F5, 137 = 0.45, p = 0.814) or year (ANOVA; F1, 1 = 1255 
4.03, p = 0.294), but was higher in the summer than the winter months (ANOVA; F1, 5 = 8.00, p = 0.0367). Temperature varied by 1256 
site (ANOVA; F5, 50 = 34.74 p < 0.001) and season (ANOVA; F1, 5 = 24.97, p = 0.004), but not year (ANOVA; F1, 5 = 0.01, p = 1257 
0.927). Temperature was higher in the summer than the winter, and only showed differences between sites LNB and MDP during 1258 
the summer (Tukey HSD; p < 0.05), Burrow holes varied by site (ANOVA; F5, 1626 = 297.89, p < 0.001) and season (ANOVA; F1, 1259 
5 = 27.46, p = 0.003), but not year (ANOVA; F1, 5 = 0.49, p = 0.514), and were highest at sites AC and LNB, and lowest at sites 1260 
BB, HF, MDP, and DB (Tukey HSD; p < 0.05) and were highest in the summer and lowest in the winter. Percent cover 1261 
macroalgae varied by site (ANOVA; F5, 1626 = 12.26, p < 0.001) but not season (ANOVA; F1, 5 = 2.65, p = 0.164) or year 1262 
(ANOVA; F1, 5 = 2.46, p = 0.177), and was highest at sites DB, MDP, AC and lowest at sites LNB, HF, BB (Tukey HSD; p < 1263 
0.05) and was highest in the summer and lowest in the winter. 1264 
 1265 

 Salinity (PSU) Temperature (oC) 

 

Bur row Holes 

(mean no. 0.25 x 0.25 m2) 

Macroalgae 

(mean cover 0.25 x 0.25 m2) 

 Summer Winter Summer Winter Summer Winter Summer Winter 

DB 31.22 ± 0.57 17.47 ± 1.79  16.0 ± 0.5 9.8 ± 0.8 6.46 ± 0.68 3.95 ± 0.54 4.8 ± 0.8 0.5 ± 0.3 

A C 30.22 ± 0.32 17.26 ± 1.71 15.9 ± 0.4 10.2 ± 0.8 28.13 ± 1.17 3.79 ± 0.58 2.4 ± 0.5 0.1 ± 0.1 

L NB 30.9 ± 0.2 17.3 ± 1.5 17.9 ± 0.6 10.1 ± 0.9 23.4 ± 1.21 4.53 ± 0.81 0.3 ± 0.2 0.0 ± 0.0 

M DP 31.2 ± 0.5  17.3 ± 1.8 15.2 ± 0.5 9.8 ± 0.7 2.63 ± 0.34 0.01 ± 0.01 4.7 ± 0.9 0.3 ± 0.1 

BB 30.1 ± 0.8 18.3 ± 1.6 16.7 ± 0.5 9.8 ± 0.8 1.03 ± 0.20 0.00 ± 0.00 1.5 ± 0.4 1.5 ± 0.4 

H F 31.7 ± 0.8 16.2 ± 2.0 17.2 ± 0.5 9.9 ± 0.8 1.27 ± 0.17 0.19 ± 0.06 0.8 ± 0.3 0.0 ± 0.0 
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Appendix 2 Mean (± SE) number burrow holes 0.25 x 0.25 m2 taken at six sites (DB, AC, 1267 
LNB, MDP, BB, HF; Fig. 2.2) in Yaquina Bay, Oregon, from January 2011 to November 1268 
2012 (n = 20). 1269 
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Appendix 3 Mean (± SE) percent cover of macroalgae 0.25 x 0.25 m2 taken at six sites 1273 
(DB, AC, LNB, MDP, BB, HF; Fig. 2.2) in Yaquina Bay, Oregon, from January 2011 to 1274 
November 2012 (n = 20). 1275 
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