











Figure 5. Photos depicting sessile community
composition on a typical control (A) and heated (B) plate
after 129 days of deployment in Monterey Harbor, CA.
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Figure 6. Time series showing average species percent
cover (+S.E.) on control (A) and heated plates (B) over the
duration of the experiment. Species are seen arriving and
colonizing at different rate between the control and

experimental plates.
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Figure 7. Percent cover of species after 129 days on control (A) and heated (B) treatment
groups. The heated treatment group has significantly more cover of living organisms than
control group. The species W. subtorquata, C. brunnea and B. violaceus contribute to the
most cover on both types of settlement plates.
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The heated experimental group exhibited a significantly higher rate of recruitment

up until day 80 of the experiment (RM-ANOVA, Treatment*Time, F114= 3.56, p < 0.001).

A significant time factor indicates an increase of recruitment over time while the

time*treatment factor shows differing trajectories between control and heated groups

over time (Table 2). As settlement and growth increased and available bare space

declined, there was a tapering and decrease in recruitment on both the control and

heated treatment groups (Fig. 8A). When looking at average cumulative recruitment

over time (Fig. 8B), there is also a significantly different trajectory between the control

and heated treatment groups (Table 2), but their total recruitment at the end of the study

was similar.

Table 2. Summary of statistics for RM-ANOVA
comparing new (A) and cumulative (B) recruitment
throughout the experiment. G-G modification was used
for the factors Time and Time*Treatment.

NumDF, P-
(A) Factor Exact F DenDE Value
Treatment 0.6637 1, 14 0.4289
. 2.2089, .
Time 62.9695 30.925 <.0001
Time* 2.2089, .
Treatment 206 30.025 | <0001
NumDF, P-
(B) Factor Exact F DenDE Value
Treatment 7.379 1,14 0.0167
. 1.6611, .
Time 447.285 53 255 <.0001
Time* 1.6611,
Treatment 10.1462 23.255 0.0012
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Figure 8. (A) Trajectories and mean # of new recruits
between the heated and control groups are significantly
different. Early and higher rates of recruitment were seen in
the experimental group. (B) Average cumulative number of
recruits over time between control and heated treatment
show significantly different trajectories, but similar total
recruitment after 129 days. Values represent the mean for
each treatment + 1 SE.
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To test for differences in percent cover between the control and heated
treatments over the course of the experiment, RM-ANOVA were conducted across the
four time points (Fig. 9) showing the experimental group had significantly more cover
across all time points (Table 3). In addition, the heated treatment group weighed (g) on
average 33% more than the control group after at 129 days (ti0 = 3.39, p = 0.0067) (Fig.
10). Average increase in percent cover per day for the control group was 0.20 g, while

the heated treatment was 0.30 g per day.
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Figure 9. Average percent cover (+ 1 SE) over time shows a clear and
significant increase in fouling by the heated experimental group throughout
the study.
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Table 5. Summary of statistics for a PERMANOVA test corresponding to the
MDS ordinations (Fig. 5) show the plate composition on the control and heated
treatment groups were significantly different on each time point.

(Egz) Source DF SS MS (Pgrm)

Treatment 1 23.596 23.596 0.001
50 Resemblance 14 56.513 | 4.0366

Total 15 80.109

Treatment 1 55.529 | 52.529 0.003
82 Resemblance 14 131.19 | 9.3705

Total 15 183.71

Treatment 1 63.053 | 63.053 | 0.001
115 Resemblance 14 186.97 | 13.355

Total 15 250.02

Treatment 1 68.837 | 68.837 | 0.001
129 Resemblance 14 192.12 | 13.723

Total 15 260.96

Table 6. Summary of statistics for a SIMPER Test corresponding to the MDS ordinations (Fig.
5) show 98.16% of the differences between the control and heated treatment group were due
to differing percent cover of Bare Space, Botrylloides violaceus, Watersipora subtorquata and

Celleporaria brunnea.

: Control | Experimental , , . 0
Variable Av Value Av Value Av.Sq.Dist | Sq.Dist/SD | Contrib% | Cum.%
Bare Space | 35.2 5.71 998 1.42 34 34
Botrylloides |1, & 13.1 943 0.53 3212 | 66.12
violaceus
Watersipora | -, 39.4 561 0.86 19.11 | 85.23
subtorquata
Ceg'e'oora”a 21 34.3 380 0.91 1293 | 98.16
runnea
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Figure 13. nMDS plots representing species composition on control and heated
treatment groups across time, sans bare space, in the test at 50 (a), 82 (b), 115
(c), and 129 (d) days. Labels on points refer to individual plates.
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Table 7. Summary of statistics for a PERMANOVA test corresponding
to the MDS ordinations (Fig.6) show the plate composition on the
control and heated treatment groups were significantly different on
each time point.

(B';‘;i) Source DF ss MS (P;m)

Treatment 1 23.596 | 23.596 | 0.001
50 Resemblance 14 56.513 | 4.0366

Total 15 80.109

Treatment 1 39.141 | 39.141 | 0.007
85 Resemblance 14 125.87 | 8.9909

Total 15 165.01

Treatment 1 23.363 | 23.363 | 0.125
115 Resemblance 14 166.7 | 11.907

Total 15 190.06

Treatment 1 22.456 | 22.456 | 0.001
129 Resemblance 14 78.92 | 6.5767

Total 15 101.38

Table 8. Summary of statistics for a SIMPER test corresponding to the MDS ordinations (Fig.
6) show 98.16% of the differences between the control and heated treatment group were due
to differing percent cover of the three species B. violaceus, W. subtorquata and C. brunnea.

: Control | Experimental . . - 0
Variable Av Value Av Value Av.Sq.Dist | Sq.Dist/SD | Contrib% | Cum.%
Botrylloides | ) & 13.1 943 0.53 48.67 | 48.67
violaceus
Watersipora |, 4 39.4 561 0.86 28.95 | 77.62
subtorquata
C‘E”epora”a 21 34.3 380 0.91 19.59 | 97.21
runnea
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Figure 14. Divergence of average community development after 129 days. Early
recruitment and greater overall percent cover of organisms on the heated plates
contributed to the diverging community trajectories.

Table 9. Summary of statistics for average temporal MDS Ordination.

Source df SS MS Pseudo-F | P(perm)
Day 5 50.173 10.035 9.1722 0.003
Treatment 1 2.8266 2.8266 2.5837 0.051
Resemblance 5 5.4701 1.094
Total 11 58.47

Southern and Northern species were also tracked over time (Fig. 15) and both
biogeographic groups increased in percent cover over time. The Southern/Warm-Water
species showed a significant Treatment and Time*Treatment effect while the
Northern/Cold-Water species did not (Table 10). There were significantly more

Southern/Warm-Water species on both control and heated plates compared to
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Northern/Cold-Water species. Northern/Cold-Water species increased in percent cover
over time, however the increase in temperature on the heated plates did not induce any
significant differences compared to the controls (Table 10). A two-way ANOVA showed

neither native source region (north vs south) nor heating affected final cover (Table 11).

There was a significant increase of cover by both native and invasive species on
the heated plates compared to the control plates (Table 12, Fig. 17). There is only a
time*treatment effect for invasive species, indicating that the trajectories diverged
significantly over time (Table 12). A two-way ANOVA showed that there was a
significant treatment effect on both native and invasive species, however the

composition did not change between the control and heated groups (Table 13).
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Figure 15. Average percent cover (+ 1 SE) of Southern/Warm-

Water Species (A) and Northern/Cold-Water Species (B) over time

between the experimental warming treatment groups indicate that
the heated plates promoted a significant increase of southern/
warm-water species compared to the ambient control plates.
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Table 10. Summary of Statistics for Repeated Measures
ANOVA: Average Southern/ Warm-Water (A) and Northern/
Cold-Water (B) Species Development over time between
treatment groups. G-G modification was used for the factors
Time and Time*Treatment.

NumDF, P-
(A) Factor Exact F DenDE Value
Treatment 11.1974 1, 14 0.0048*
. 1.8344, N
Time 70.9011 o5 681 <.0001
. 1.8344
* ]
Time* Treatment | 5.2802 o5 681 0.0138
NumDF, P-
(B) Factor Exact F DenDE Value
Treatment 0.51 1,14 0.4869
. 1.3002, .
Time 5.4617 18.203 0.0238
) 1.3002
* ]
Time* Treatment | 0.1732 18.203 0.7468
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Figure 16. Final mean percent cover (£S.E.) of Southern/Warm-Water and

Northern Species

Northern/Cold-Water species show the effects of warming induce a
significant increase in percent cover in both groups.

Table 11. Summary statistics for a Two-Way ANOVA comparing the final

mean percent cover between two biogeographic regions.

Effect Tests
Source DF Sum of F Ratio P-
Squares Value
Biogeographic 1 1224.227 | 4.0979 | 0.0526
Affinity
Treatment 1 537.5402 | 1.7993 | 0.1906
Biogeographic
Affinity*Treatment 1 141.9767 | 0.4752 | 0.4963
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Figure 17. Average percent cover (+ 1SE) of native (A) and invasive

(B) species development over time between control and heated
treatment groups.
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Table 12. Summary of statistics from RM-ANOVA
comparing native (A) and invasive (B) species development
over time between control and heated treatment groups. G-
G modification was used for the factors Time and
Time*Treatment.

NumDF, P-
(A) Factor Exact F DenDE Value
Treatment 6.6032 1,14 0.0223*
Time 86.6504 | 1.733, 24.262 | <.0001*

Time* Treatment | 1.8559 | 1.733, 24.282 | 0.1813

NumDF, P-
(B) Factor Exact F DenDE Value
Treatment 9.4408 1, 14 0.0083*
Time 73.5228 | 1.862, 26.061 | <.0001*
. 1.8615
* L]
Time* Treatment | 5.4231 26.061 0.0121
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Figure 18. Final average percent cover (+S.E.) of native and invasive
species across treatment groups after 128 days, show significantly more
invasive and native species on the heated treatment plates.

Table 13. Summary of statistics for 2-Way ANOVA comparing native and
invasive species presence between the control and experimental plates.

Effect Tests
Source DF Ssquurzrg]; F Ratio | P-value
Treatment 1 1697.669 | 8.7526 | 0.0062*
Status 1 3195.161 | 16.4732 | 0.0004*
Treatment*Status 1 77.7857 0.401 0.5317
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4.0 Discussion

The restructuring of sessile assemblages due to temperature fluctuations can
have profound effects on extant ecosystems dynamics. By experimentally increasing
the temperature of settling plates by 2.5°C, the local Monterey Harbor marine fouling
community experienced shifts in species abundance and assemblage development.
Normal ocean temperature ranges in Monterey typically fluctuate beyond 2.5°C;
however, when this marginal increase in temperature is maintained, it can allow for
significant changes in the community composition. The findings of this study support the
hypotheses concerning community development and the increased abundance of
southern/warm-water species and invasive species on the experimentally heated plates.
The heated plates affected the trajectory of native northern and southern species
accumulation, but not the final cover (Table 10 and 11). Invasive species were more

prevalent in all treatments and were significantly enhanced on the heated plates.

Heated plates maintained greater percent coverage of living sessile taxa for each
time point during the experiment (Fig. 9). Increased percent cover of colonial taxa on
the plates contributed to the significant difference in overall biomass in the treatment
group compared with the control group. The increase of percent cover in the heated
treatment could be attributed to new recruits or faster growth from previously settled
organisms. However, due to the significantly higher recruitment to the warm tiles in the
early stages (Fig. 8) it is likely that the increase in percent cover is due to enhanced
recruitment rates and faster growth upon settlement. The increased growth on heated
plates could be attributed to higher metabolic rates associated with beneficial increases

in temperature. The tapering off of recruitment rates in both control and heated
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treatment groups is likely due to a decrease in available bare space to recruit on over

time.

Further examination of percent cover by southern/warm-water species showed a
significant earlier increase on the heated plates compared to the controls (Table 11).
This is not surprising since the heated plates mimic a thermal environment closer to that
of their native range. Surprisingly, northern/cold-water species also significantly
increased in percent cover on the heated tiles over time as well (Table 11). According
to Shelford’s Law of Tolerance (Shelford 1931), which states that species have both an
optimum and a tolerated range of living temperatures, it is likely that many of the species
currently living in Monterey Harbor are living on the tail end of this spectrum. The
increase in temperature is presumed to shift the southern/warm-water species away
from their lower end of thermal tolerance and closer towards the peak of their “optimal
zone,” which allows for more efficient homeostatic functioning and therefore increased
competitive ability and growth rates (Elliot 1976, Portner et al. 1998). Northern/cold-
water species, however, would theoretically be stressed since they already inhabit the
higher limits of their thermal range. Clearly, this is not the case and organisms with
northern native ranges (Serpula columbiana, Botrylloides violaceus and Ciona sp.)
appear to be suitably adapted to not only weather but flourish when ambient

temperatures are increased ~2.5°C.

Invasive species also exhibited a significantly enhanced cover on the heated
plates (Fig. 16). Invasive species that successfully invaded a new environment may
have broad niche requirements and may be better adapted to variable and fluctuating
environmental conditions. The invasive species could have either found the

experimental plates simply more hospitable and closer to the temperatures of their
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native range or they flourished under the experimental conditions because they have
broader temperature tolerances. Successful invasive species are known to have a
higher expression of Heat Shock Proteins (HSP), a mechanism by which some species
can gain a competitive advantage when increases in temperature create stressful
situations. Production of HSPs allows for greater thermal tolerance causing proper
homeostatic functioning compared with organisms incapable of producing enough HSPs
(Somero 2002, Tomanek & Sanford 2003, Zerebecki & Sorte 2011). Although high
levels of HSPs are commonly linked with successful invaders when discussing climate
change and biogeography, they do not seem to be influential in this experiment because
native species, who may have the ability to express high levels of HSPs, also had a

positive response to warming.

The MDS ordinations confirm there were significant compositional differences
between the control and experimental plates throughout the experiment. The SIMPER
analysis showed that 97.2% of the difference between the two treatments was caused
by the increase of the calcifying bryozoans Watersipora subtorquata, Celleporaria
brunnea and the colonial tunicate Botrylloides violaceus on the heated plates. The
increase in abundance of W. subtorquata and B. violaceus is worrisome because both
species are successful worldwide invaders (Lambert & Lambert 2003, Mackie et al.
2012) that cause fouling damage to harbors and vessels. The temporal MDS is useful to
track the total average compositional trajectories of the heated and control groups. Early
divergence between the control and heated treatment groups is due to the increased
rate of recruitment on the heated tiles followed by differing proportions of W.
subtorquota, C. brunnea and B.violaceus. The trajectories are not completely disparate,

which is not surprising because all but one species were found on both treatments,
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which is corroborated by the insignificant differences in the Shannon-Weiner values

generated for both control and experimental groups (Fig. 11).

Comparing the data from this study to Smale and Wernberg’s (2012) work
altering temperature on settling plates in Hillarys Harbor, Australia gives insight to the
potential effects of climate change on marine sessile communities. Although their
settlement plates were submerged for only 36 days, Smale and Wernberg (2012)
reported a significant increase of total average biomass and percent cover of an invasive
tunicate on the heated plates. Despite being in a different ocean, this study revealed
similar trends. The data from Smale and Werenberg (2012) and this study show the
upper thermal limits of growth for the prolifically invasive species Watersipora
subtorquata. Hillarys Harbor exhibited much higher maximum temperature (23-27° C)
than observed in Monterey Harbor (12-16° C). My results indicated a significant
increase in the percent cover of W. subtorquata on the heated plates while Smale and
Wernberg (2012) reported the opposite trends when they warmed their experimental
plates by a similar degree (2.5°C). The thermal range of the optimal zone of W.
subtorquata is likely to be between the heated treatment in my study and the control

group of the Smale and Wernberg (2012).

The results of this experiment also support and differ from the findings of other
studies on the role of temperature in recruitment and community development
(Stachowicz et al. 2002, Sorte et al. 2010). Native and invasive species exhibited an
earlier onset of recruitment in response to an increase in temperature in the Monterey
harbor. This response does not fully align with the findings of Stachowicz et al. (2002)
who only observed invasive species to exhibit these earlier and higher recruitment

rates. Although some of the same species were looked at, the study of Stachowicz et at.
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(2002) was in the more seasonal waters of the Northwestern Atlantic. Seasonality is
known to affect reproduction and recruitment. For example, northern populations of the
limpet Patella aspera undergo increased gonad production during the summer and
experienced extended breeding periods when summer temperatures persisted longer
than normal. Conversely, central and southern populations at lower latitudes spawn
closer to the fall/winter when temperatures decrease. This difference in reproductive
timing could be due to synchronization of reproduction with ambient thermal conditions
(Lewis 1986). The reproductive pulse in Monterey Bay occurs because of the increase
in average temperature following cessation of upwelling. Therefore, sustained ocean
warming due to climate change is likely to induce earlier spawning seasons in organisms
that inhabit the northern end of their range and possibly reduce the spawning season for
species at the southern end of their native range. However, if future climate simulations
prove correct about stronger coastal California upwelling conditions due to climate
change (Synder et al. 2003) northern species at their southern thermal limit could
experience longer spawning seasons. Either way, current spawning seasons will be

altered if thermal changes persist.

Once settled, both native and invasive species grew faster, however the
magnitude of the response was significantly higher in the invasive species group; a
result similarly observed by Sorte et al. (2010) when temperatures were artificially
increased in the laboratory for a sessile marine community in Bodega Bay, California.
Still, the effects of thermal increase on an organism’s physiology are not always uniform
and the degree of the increase can prove harmful or lethal as seen with the Australian
sea cucumber (Australostichopus mollis) when temperatures were increased 3-6°C

(Zamora & Jeffs 2012).
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When comparing this study to others, it is important to note the magnitude of the
experimental warming. Many climate change studies subject their study species to more
dramatic increases in temperature (Sorte et al. 2010, Zerebecki & Sorte 2011, Zamora &
Jeffs 2012). Artificially increasing the temperature 3-6°C with no fluctuation to mimic
natural thermal variability has its merits. These thermal changes can test the
physiological limits of a species. Unfortunately, it is not clear if temperature increases of
that magnitude are even realistic. Secondly, if climate change does cause global
average sea temperatures to increase it will take decades to hundreds of years for that
to occur. Experiments like the ones mentioned above completely remove
transgenerational plasticity and a community’s ability to adapt over time from
consideration. The methodology used is this study is therefore more relevant because
the heated plate system accounted for daily thermal fluctuations and also maintained a
more subtle increase in temperature. Monterey Bay is likely to be highly localized with
temperatures varying over short distances. A study conducted exploring intertidal
temperature ranges between Southern California to Washington State showed a
nonlinear latitudinal distribution of temperature (Helmuth et al. 2006). This thermal
variability has a heterogeneous effect on an organisms’ body temperature, which can

promote or disrupt physiological functioning.

My results indicate that the invasive species in Monterey harbor benefited from
increased substrate temperature. However, the harbor already contains the invasive
species reported here, and no new invasions occurred. Nonetheless, the combination of
a supply of propagules of new invasive species and changing environmental conditions
presents a risk of establishment of new invaders (Lodge et al. 1993, Carlton 2000,

Walther et al. 2009). This and previous studies (Stachowicz et al. 2002, Smale and
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Wernberg 2012) predict increased abundance and diversity of invasive species in areas
that are more prone to warming. Unfortunately, this prediction cannot be experimentally
tested without deliberate introduction of new species. As models for local temperature

change are developed this prediction can be tested.

It is also important to note the inherent bias of using any artificial substrate. The
hardness, texture and chemical cues of a substrate can greatly affect which species
settle (Wisely 1958, Barnes & Gonor 1973). There is also high variability in species’
ability to settle on a specific substrate. Some organism’s range of suitable recruitment
substrate can be very narrow. For example, the encrusting bryozoan Membranipora
serrilamella is only capable of settling on algae. Even though the kelp they recruit on
was only a few hundred meters away from the study site, they were not a potential
colonizer in this experiment. The nylon weave used as a settling surface in this study
was chosen because it is sturdy, rugose, and more closely mimics current manmade
infrastructures consisting of concrete and treated wood. However, the nylon weave may
inhibit the recruitment of some organisms. In this study it was specifically intended to
deter the proliferation of Balanus sp., which are known to dominate hard and flat
surfaces (Berntsson et al. 2000). The nylon surface successfully mimicked harbor
substrate because the species that recruited during this experiment were representative
of species that grow on harbor pilings and PVC settling tiles that were deployed prior to

this experiment.

Successful invasive species are often eurythermic and better able to tolerate
temperature change, perhaps the single most important adaptation in the context of
climate change. The larger the temperature difference from average, the more stress

that occurs on an organism’s ability to maintain proper homeostatic functioning.
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However, the loss of native species under predicted future conditions will not only be
caused by direct temperature effects, but also through interspecific competition (Sorte et
al. 2010). Therefore, if elevated temperatures persist, biological invasions will increase
and displace native species. The processes by which native species will weaken or

decrease in abundance are already in motion.

The data collected in this study allows for further understanding of the processes
that are affected by rising ocean temperatures. Researchers will therefore be able to
support better predictions on how local communities in the Monterey Harbor are affected
by mild thermal increases and possible consequences of climate change. Aside from
the capacity to negatively affect ecological systems, introduced species have already
shown a great ability to damage vessels and marine infrastructure, costing governments
and companies substantial revenue to repair. Harbor managers are already dealing with
these consequences and these issues will only continue to worsen monetarily with
increased temperatures due to climate change (Boyd 1972, Sorte et al. 2010).
Preliminary studies like these allow for a potential invader to be identified and targeted.
If the invader poses a substantial threat, further studies can be performed to combat the
invader at a more focused effort. Gaining insight into potential ecological threats before

they occur is an invaluable advantage if there is a need to combat an invader.
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