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dissimilarity index (Equation 2.3) which incorporates relative abundances of taxa (Magurran 2004)
were used to characterize beta diversity between sites. A presence-absence transformation was
applied to community data before calculating Jaccard’s index. Invertebrate density data were

square root transformed for Bray-Curtis calculations to dampen the effect of hyper-abundant taxa.

= (equation 2.3)

+ +

Where a = number of taxa in common between site A and site B; b = number of unique taxa at site A; ¢ =

number of unique taxa at site B.

= B (equation 2.4)
- )

Where N, = total number of individuals at site A; Ny = total number of individuals at site B;

2jN = sum of the lower two abundances for taxa found at both site A and site B.

The dissimilarity of communities based on these indices was visualized with non-metric
multidimensional scaling plots (NMDS). To test whether communities at different habitats are
significantly different from each other in multivariate space, a permutational multivariate analysis
of variance (PERMANOVA) was performed using generated matrices of dissimilarity values. An
assumption of PERMANOVA is that multivariate dispersion is somewhat homogeneous between
groups, although PERMANOVA is generally robust to heterogeneity of dispersions (Anderson
and Walsh 2013). Homogeneity of dispersions was tested using Marti Anderson’s PERMDISP
procedure to aid in interpretation of PERMANOVA results (Anderson et al. 2006).

Multivariate dispersion (the Euclidean distance to the centroid of a group of observations
of communities in multivariate space) was also used as a measure of beta diversity; namely, how

variable community structure was at a site (Anderson et al. 2006). The two dissimilarity measures
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(Jaccard’s and Bray-Curtis) used in this study produce negative eigenvalues in ordination space
which prevents calculation of the true centroid, and so a correction (Cailliez method) was applied
when testing for multivariate dispersion [see Legendre and Anderson (1999) for details]. Tukey’s
HSD was used post-hoc for pairwise comparisons of multivariate dispersion (Oksanen et al. 2016).

Diversity index calculation and multivariate analyses were performed in R using the

package “vegan” (Oksanen et al. 2016).

Results
Sites were identified and selected for this study in April during the spring freshet. This
meant that one site that was classified as a temporary inland site was in fact in the floodplain of
the Kennebec River and was tidally influenced. Data from that site were not included in analyses.
Additionally, one of the remaining temporary sites had dried completely by August and could not

be sampled.

Physicochemical variables

The greatest variation in daily temperature was experienced by high tidal sites where
temperatures often surpassed 42°C and could rapidly fall by as much as 32°C in a single day
(Appendix A.), likely due to a combination of reinundation and time of day. Low tidal sites were
less warm (infrequently reaching 35°C), but still experienced rapid fluctuations in temperature.
Inland permanent and temporary sites experienced a similar range of daily temperatures as low
tidal sites, but appeared to change more gradually. Ponds that experienced significant dry down

experienced more rapid increases in temperature later in the season.

Freshwater habitats on and around Swan Island ranged in pH from 5.15 to 7.64 and

conductivity values fell between 16.5 and 73.5 pS.cm™ (Appendix B.). Observed water chemistry
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conditions were within the normal ranges reported in state biomonitoring data from nearby

wetlands on and near the Kennebec River (Maine Department of Environmental Protection 2016).

Taxonomic composition

A total of 27,383 individual invertebrates were enumerated in this study, representing 107
taxa, 62 of which were identified to genus (Appendices C and D). Of these 107 taxa, almost a
quarter (24.3%) were only found in tidal freshwaters, nine (8.41%) were restricted to permanent
inland freshwaters, and eight (7.48%) were unique to temporary inland freshwaters. Of the 26 taxa
found only in tidal freshwaters, ten were unique to high marsh sites, and five and three taxa were
found only at mid and low marshes, respectively. Almost 60% of taxa were found at more than
one habitat (Figure 2.3). A total of 70 taxa were found at permanent inland sites, 68 taxa were

ound at temporary inland sites, and 65 taxa were found in tidal freshwaters (across all tidal heights).
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7.48%

Temporary

Figure 2.3. Taxonomic overlap of benthic communities of tidal, non-tidal permanent, and non-tidal
temporary freshwater habitats on Swan Island, Maine. A total of 107 taxa were found in this study.

Low—Communities at low tidal sites were numerically dominated by chironomid midge larvae,
oligochaetes, and dipteran pupae—maost of which were chironomids. Additionally, chironomids
were one of the top three most abundant taxa found in 66% and 83% of samples taken from high
and mid tidal sites, respectively. Taxa that were found only at low tidal sites included taxa that are

generally considered lotic, such as the hydropsychid caddisfly Cheumatopsyche sp. and the
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gomphid dragonfly Stylurus spiniceps, the latter being a new species record for Sagadahoc County,

Maine.

Mid—The amphipods Gammarus and Hyalella, corixid water boatmen, and the mayfly Caenis
were all abundant at mid tidal sites. Nematodes and oligochaetes also ranked among the most

abundant taxa.

High—High corixid density was also observed at high tidal sites, which may suggest that these
mobile predators follow the incoming tide. Other numerically dominant taxa were ceratopogonid

midges (in particular Atrichopogon), Caenis, and the beetles Haliplus and Berosus.

Tidal sites also supported a unique assemblage of beetles that was not seen in inland
freshwaters. The beetle fauna of the tidal freshwater sites included lotic taxa, such as elmids (four
genera) and many taxa that are considered “sub-aquatic” or littoral specialists, including the
families Lampyridae (fireflies), Heteroceridae (variegated mud-loving beetles), Staphylinidae

(rove beetles), and Tenebrionidae (darkling beetles), which were all found at high tidal heights.

Inland—Odonates from families Coenagrionidae, Lestidae, and Libellulidae were the most
numerically common invertebrates found in inland sites, and these taxa were rare or absent from

tidal sites. Like tidal sites, chironomids and Caenis were also among the most abundant taxa inland.

Univariate responses

Mean invertebrate density differed significantly between habitats but did not vary
significantly over the season, nor was there any interaction between habitat and month (Table 2.1).
Invertebrate density was generally lower in tidal sites than non-tidal sites, and within tidal sites,

high marshes had fewer individuals per m? than sites at lower tidal heights (Figure 2.4).
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Table 2.1. Statistical summary of effects of habitat type (low, mid, and high tidal, non-tidal permanent, non-tidal temporary) and month and their
interaction on benthic invertebrate communities. Bold denotes significance at 0.05 level.

Invertebrate Density? Margalef Diversity® Community Evenness® Multivariate Community dissimilarity
Dispersion
df F P df F P df F P df F* P df F' P R?
Habitat 4,41 9.72 <0.001 4,41 17.13 <0.001 4,41 6.90 <0.001 4,51 8.55 0.002 4,55 7.97 0.001 0.37
Month 2,41 1.18 0.31 2,41 0.24 0.78 2,41 0.46 0.63 2,53 215 0.129 1,55 3.19 0.001 0.04
HxM 8,41 0.71 0.67 8,41 0.19 0.99 8,41 1.96 0.07 - - - 4,55 116 0.21 0.05

a Model R? =0.37
b Model R?=0.51
¢ Model R2=0.35
* Pseudo-F (999 permutations)
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Even when differences in total invertebrate density were corrected for, taxon richness was
significantly lower in tidal habitats than non-tidal (Table 2.1; Figure 2.4). Margalef diversity was

lowest in low tidal sites and was significantly lower than at high tidal sites.
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Figure 2.4. Invertebrate density, diversity, and community evenness of benthic invertebrates in tidal and
non-tidal freshwater habitats on Swan Island, Maine. “High”, “Mid”, and “Low” refer to tidal height in
tidal sites; “Perm” and “Temp” refer to permanent and temporary non-tidal freshwaters, respectively.
Means are plotted with standard errors. Lowercase letters refer to significant post-hoc pairwise comparisons
(Tukey’s HSD method).

Additionally, community evenness was significantly lower at low tidal sites (driven by
high chironomid densities) than sites at higher tidal heights (Figure 2.4). The greatest community
evenness was observed at high tidal sites (Figure 2.4). While month was not found to have a

significant influence on community evenness, the interaction term was marginally not significant

(Table 2.1).
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Multivariate responses

Near identical trends were observed when Jaccard’s or Bray-Curtis indices were used in
analyses, indicating patterns of taxa occupancy mirrored those of relative abundance. The
following results are reported for Bray-Curtis dissimilarities. A two-way PERMANOVA found
that invertebrate communities were significantly different between habitats and months, although
the latter explained little of the variance (4%) and there was no significant interaction between
habitat or month (Table 2.1). NMDS plots (Figure 2.5) suggest that tidal habitats became more
differentiated from each other later in the summer, and that the two inland sites converged in their
community structure.

Multivariate dispersion (within-height beta diversity) was significantly different across
habitat types but not between months (Table 2.1). High tidal sites were significantly more spatially
variable in community structure (larger polygons in Figure 2.5) than both lower tidal heights, as
were inland sites (Figure 2.6). Although PERMDISP is unable to provide a rigorous test of two-
way interactions, the NMDS plots suggest that there are some habitat-specific changes in
dispersion between months (Figure 2.5). Communities at high and mid tidal heights trended
towards higher variability in June than in May or August, whereas variability at low tidal sites

appeared to stay relatively constant over the season.
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Figure 2.5. Non-metric multidimensional scaling (NMDS) ordination plots of benthic macroinvertebrate
communities based on Bray-Curtis distances in freshwater habitats of Swan Island, Maine. H = high tidal;
M = mid tidal; L = low tidal; P = permanent non-tidal; T = temporary non-tidal. Stress values: May =

0.15; June = 0.17; August = 0.13.
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Multivariate dispersion (Bray-Curtis)

w .
o] T |
| I -
T W ' a I i
o o : o I ; a a
€ I : :
S8 = | — 1
o © ; b : I
ol :  —— :b | ; i
e o |_,_| | !
Y o ! |
» T .
(i I |
o™ | I
O JR E— |
= |
| | | | |
High Mid Low Perm Temp
Habitat

Figure 2.6. Boxplot of multivariate dispersion (distance to group centroid of multivariate space) for tidal
and non-tidal freshwater habitats on Swan Island, Maine. “High”, “Mid”, and “Low” refer to tidal height
in tidal sites; “Perm” and “Temp” refer to permanent and temporary non-tidal freshwaters, respectively.
Means are plotted with standard errors. Lowercase letters refer to significant post-hoc pairwise comparisons
(Tukey’s HSD method).

Discussion

This study sought to investigate how benthic communities in tidal freshwater wetlands
were structured across a gradient of tidal height and whether these communities were organized
differently from nearby non-tidal freshwater wetlands. The expectation was that as tidal freshwater
communities are mainly comprised of freshwater benthic taxa that the structure and diversity of
these communities would be a less diverse subset of the fauna found at non-tidal freshwater
wetlands. Additionally, as a tidal height gradient represents multiple gradients of abiotic and
biological conditions regardless of salinity, | expected to observed community differentiation or

zonation between different tidal heights in the tidal freshwater wetlands. While less diverse than
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However, there are other traits of predators and prey that may influence the strength of
these interactions, including whether prey have adaptations to resist/avoid predation (Wootton et
al. 1996), or the density of prey relative to predators (Warburton 2015). Additionally, intraguild
predation is thought to play an important role in structuring communities and their trophic
interactions (Polis and Holt 1992; Arim and Marquet 2004) and has been observed in invertebrates
in tidal freshwater wetlands (Witt et al. 2013). Future studies should investigate the importance of
defended taxa (see Warburton (2015)) and intraguild predation, neither of which was part of this
study, to fully understand the mechanisms driving PPMRs and interaction strength in tidal

freshwaters.

Invertebrate community trophic structure

While invertebrate densities were generally greater at lower tidal heights (Chapter Two),
the distribution of different trophic levels (predators, detritivores, herbivores) exhibited varying
trends. The density of invertebrate predators decreased with decreasing tidal height, which is
perhaps unsurprising given the observed reduction in mean invertebrate body size, mentioned
previously; predatory aquatic invertebrates are often larger-bodied than their non-predatory
counterparts and so would be penalized under greater size-selective predation by fish.

Within lower invertebrate trophic levels (consumers), detritivory was far more common
than herbivory at all tidal heights. The relative densities of detritivores and herbivores exhibited
contrasting patterns, whereby high marshes had significantly fewer detritivores than lower tidal
heights and significantly more herbivores. Secondary production in tidal freshwater wetlands is
generally thought to be mainly driven by detritivory (Odum et al. 1984; Odum 1988; Findlay et al.
1996). Their position in the river catchment means they receive large volumes of fine particulate

organic matter (sensu Vannote et al. (1980)) and above-ground production by vascular plants and
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thus autochthonous detritus generation in tidal freshwater wetlands is among the highest of any
system (Whigham 2009). As terrestrial ecosystems are thought to receive fewer allochthonous
resources than aquatic systems (Shurin et al. 2006; Leroux and Loreau 2008), this could explain
the lower densities of “brown” pathway consumers at higher tidal heights, as the upper tidal heights
in tidal freshwaters may function more like a terrestrial system that is periodically flooded than an
aquatic system that is periodically dry (Beauchard et al. 2013; Dell et al. 2014).

In contrast to some patterns seen with invertebrate densities, biomasses of invertebrate
predators and brown pathway consumers were significantly higher at mid tidal heights than both
low or high tidal heights. Detritivore biomass and density were lowest at high tidal heights,
suggesting that lack of detrital resources at this “more-terrestrial” tidal height could be limiting
invertebrates that depend on allochthonous energy sources. Alternatively, the density of
invertebrate predators was greatest at high tidal heights, which could be imparting some top-down
control on lower invertebrate trophic levels. The increased abiotic stress (drying, temperature) and
shorter inundation times that exclude fish predators for most of the tidal cycle in the high marsh
could release invertebrate predators from predation pressure and strengthen their top-down control
of consumers (Greig et al. 2013). While invertebrate predator biomass did not exhibit the same
trend as density, there is likely further top-down control of aquatic invertebrate prey by terrestrial
invertebrate predators that forage opportunistically at low tide (especially carabid beetles
(Barendregt 2005) and spiders (Swarth and Kiviat 2009)), which may contribute invertebrate
predator biomass that was unaccounted for and undetected in this study. The influence of predators
in tidal freshwaters, where gradients of ecological conditions (like hydrology) are contiguous, is
likely much higher than in the patchy mosaic of conditions created by inland freshwaters, which

are more hydrologically isolated. Whether the predators are schools of predatory fish during high
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tide, or opportunistic terrestrial invertebrate predators that forage at low tide, there are mobile
upper trophic levels (“allochthonous predators” sensu Leroux and Loreau (2008)) in tidal
freshwater food webs that are not subject to the same limitations as the lower levels they predate.

Entrainment and production of detritus by tidal freshwater wetlands is greater in the
intertidal than at lower subtidal heights (Findlay et al. 1990). Standing stock of coarse detritus
appeared significantly greater at mid tidal heights, often forming thick mats of dead tidal marsh
vegetation (personal observation). This additional quantity of autochthonous detritus (i.e. detritus
form wetland plant production) could account for the higher biomass of invertebrates observed at
mid tidal heights in several ways. Most simply, there are greater basal resources for a greater
diversity of detritivores (shredders, gatherers) at intermediate heights than at lower tidal heights,
where proximity to the main-stem river flow prevents settlement of all but the finest organic matter,
favoring collector-gatherer and collector-filterer modes of feeding. Coarser particulate organic
matter also provides greater vertical habitat complexity (Reice 1991; Jabiol et al. 2014) which
could provide refugia from fish predation for larger-bodied invertebrates and promote greater
trophic complexity of the invertebrate guild. No significant relationship between tidal height and
the biomass of green pathway consumers was observed, and these taxa were less abundant in
general. However, this study did not include the high abundances of snails that were observed in
samples (personal observation). Snail production is often very high in freshwater tidal systems and
represent an important food source for anadromous fishes, especially sturgeon (Nellis et al. 2007,
Sulak et al. 2012). Thus, it is likely that | underestimated the contribution of herbivorous taxa to
the invertebrate community and thus the potential importance of “green” energy pathways in tidal

freshwater wetlands.
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Placing tidal freshwaters in conceptual frameworks

The trophic structure and standing biomass of benthic invertebrate communities in tidal
freshwater wetlands was strongly differentiated along a tidal height gradient. At low tidal heights
results were consistent with fish predation limiting the biomass of larger-bodied, predatory
invertebrates and increasing the density of smaller-bodied non-predatory invertebrates; this pattern
is commonly seen in non-tidal freshwater and saline tidal systems alike (Lubchenco and Menge
1978; Wellborn et al. 1996; Blumenshine et al. 2000; Quintana et al. 2014; Anton-Pardo and
Armengol 2016).

At high tidal heights, fish predation is likely lower and may have less top-down impact on
benthic invertebrates. The high marsh represents an abiotically stressful habitat (see Appendix A)
and so predation by fishes could be relatively unimportant in driving trophic complexity and
community composition, much like in ephemeral non-tidal freshwaters (Wellborn et al. 1996;
Greig et al. 2013). However, the density of predatory invertebrates was greatest at high tidal
heights. If fish, as top predators in the system, have limited access to high tidal heights, invertebrate
mesopredators could be released from predation pressure, who, in turn, could have strong impacts
on invertebrate consumers (Litvaitis and Villafuerte 1996; Prugh et al. 2009; Ritchie and Johnson
2009). Alternatively, this could reflect the importance of upper tidal freshwater wetlands for semi-
aquatic invertebrate taxa that may experience flooding as a stressor (cf. truly aquatic taxa) as many
of the predatory taxa found at these heights were semi-aquatic (Chapter 2).

In some respects, tidal freshwaters appear to fit in the conceptual predator-permanence
model applied to non-tidal hydrodynamic freshwaters (Chapter 2 Figure 2.1; Wellborn et al. 1996).
At lower tidal heights that experience infrequent, non-prolonged drying (c. 2 hours per day),

invertebrates are smaller bodied, more numerous and feed at lower trophic levels, much like
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permanent ponds that contain fish predators. At intermediate tidal heights (mid), invertebrates
were large, and the biomasses of invertebrate predators and detritivores was higher than at lower
tidal heights. While these tidal heights still experience predation by fishes, limited inundation
periods imply that predation intensity is likely less than at lower tidal heights, and increased habitat
complexity and potential refugia may help to further mitigate the influence of fish (Urban 2004,
Anton-Pardo and Armengol 2016). The mid intertidal zone experiences near equal durations of
flooding and drying and so the relative importance of predation to desiccation risk may be similar.
This is congruent with the model for non-tidal freshwaters where the largest bodied invertebrates
are found in systems that experience enough environmental variability that fish are excluded
(Schneider and Frost 1996; Kiflawi et al. 2003) and thus predation pressure is somewhat relaxed.

The highest tidal heights in tidal freshwaters do not fit the predator-permanence model
quite as well. While invertebrate predator and detritivore biomass was lower at upper (high) tidal
heights than at intermediate (mid) tidal heights, the density of predatory invertebrates was greatest
at the highest tidal heights. Abiotic stress may limit the production of the benthos in the high marsh,
like in ephemeral ponds that dry frequently and unpredictably, but abundant terrestrial and semi-
aquatic predators may be exerting top-down influence on the aquatic benthic community and
depressing their biomass independent of abiotic constraints (Brendonck et al. 2002). Likewise, fish
predators in tidal freshwaters are only limited in their foraging time and not their presence by the
fluctuating hydrology and so have fewer abiotic constraints than the invertebrate benthos they

predate.
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Conclusions

While I do not have the data to ascribe specific mechanisms underlying these patterns, what
is clear is that the trophic structure and secondary biomass of invertebrates in tidal freshwater
wetlands is not consistent across the tidal height gradient and is more complex than previously
thought. The current paradigm for tidal freshwaters paints their invertebrate communities as simple
and uneven, dominated by oligochaetes and chironomids like in eutrophic lakes (Yozzo and Diaz
1999), and does not distinguish between different tidal heights. This study has demonstrated that
not only are communities distinct between different tidal heights, but their trophic structure and
function is also not constant along the tidal height gradient.

Invertebrates act as the link for energy flow between the high levels of primary production
(Whigham 2009) and the diverse array of anadromous fishes (Swarth and Kiviat 2009) observed
in tidal freshwater wetlands. Sea levels are rising at a rate much faster than previously thought
(Hay et al. 2015) which will have ramifications for prior predictions [e.g. Nicholls et al. (1999)]
about intertidal wetland losses due to sea level rise. Given that communities and food webs are
differentiated along a gradient of tidal height, any reduction in intertidal wetland area (through
coastal squeeze or otherwise) could significantly impact on the ecosystem functions provided by
tidal freshwaters and their communities. Ultimately, predicting the response of invertebrate
communities and their associated ecosystem functions to altered hydrologies will be the key to
conserving and maintaining tidal freshwater wetlands as nurseries and forage areas for fishes and

waterfowl.
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CHAPTER 4:

SYNTHESIS AND TIDAL FRESHWATERS AS MODEL STUDY SYSTEMS

Introduction
This study has highlighted the unique ecology of tidal freshwater wetlands and the
consequences for their benthic communities. Tidal freshwaters have largely been overlooked by
freshwater and marine ecologists alike, which is unfortunate given their potential to help answer
key questions in community ecology. In this concluding chapter I will discuss some of the key
results of the preceding chapters, highlight future potential lines of investigation for understanding
tidal freshwater benthic ecology, and argue that the unique ecology of tidal freshwaters makes

them ideal study systems to investigate some key questions in community ecology.

Key results

Current wisdom suggests that the benthic communities of tidal freshwaters are species
depauperate (Yozzo and Diaz 1999; Swarth and Kiviat 2009; Barendregt 2016), made up of a few,
highly dominant taxa, especially chironomids and oligochaetes—taxa commonly associated with
low habitat complexity, pollution stress, or eutrophication. Furthermore, tidal freshwaters are
commonly considered to be less diverse than their non-tidal counterparts, thought mainly to driven
by low habitat heterogeneity found in tidal freshwater areas. Results from Chapter Two suggest
that benthic communities in tidal freshwater wetlands are more complex than previously thought
and that communities show strong zonation even over a relatively short longitudinal distance (<250
m). While inland habitats were more diverse than any one point on the tidal height transect, tidal
freshwater wetlands contributed a large proportion of unique taxa to the regional species pool that
were not found in inland habitats. Strikingly, there was greater community differentiation along

the transect of tidal height in the contiguous tidal freshwater habitats than between the more
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hydrologically isolated inland freshwater habitats. This observation suggests that the tradeoffs that
structure communities (e.g. Wellborn et al (1996)) must vary strongly along the tidal height
gradient, which encompasses a broad range of abiotic and biological stressors on a highly
condensed longitudinal scale.

Biotic interactions provide a key niche constraint on members of a community and can
vary across gradients of abiotic stress (e.g. Menge and Sutherland (1987)). Understanding how the
trophic structure of tidal freshwater benthic communities varied by tidal height provided additional
information about the mechanisms that drove patterns of community zonation. Chapter Three
expanded on the findings of Chapter Two that suggest there are multiple and potentially
compounding bottom-up and top-down forces that shape the structure and function of these
communities. At low tidal heights fish predators likely excluded large-bodied invertebrates and
generated an invertebrate fauna that was dominated by abundant small invertebrates. In contrast,
invertebrates were less abundant at high tidal sites, which probably reflects a combination of harsh
physiological conditions and top-down control by opportunistic semi-aquatic or terrestrial
predators. Between these two heights, in the mid marsh, invertebrate biomass and body size were
higher—perhaps, driven by more abundant detrital resources that provide an energy source and
refugia space, coupled with a balance of intermediate predation pressure and physiological stress.

To fully understand the relative roles of abiotic and biological forces in structuring tidal
freshwater communities and food webs, manipulations of hydroperiod, predation, basal resources,
and habitat complexity are required. Tidal freshwater wetlands are one of the few true contiguous
ecotones that span the entire gradient from permanently aquatic to upland terrestrial habitats;
moreover, they experience daily and seasonal fluctuations in areal extent, predator identity and

occupancy, and physical conditions including temperature and water availability. Tidal
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freshwaters represent an underappreciated, dynamic ecosystem that is subject to multiple and

complex selection pressures, but may be ideal for testing key questions in ecology.

Natural position of tidal freshwaters

Just as Bob Paine called experimental manipulation in the marine intertidal the gold
standard for answering key questions on the relative importance of intrinsic and extrinsic forces in
community ecology (Paine 1994), | argue that tidal freshwaters have many attributes that make
them the ideal study systems for community ecology (perhaps even having broader utility than
rocky shores). As tidal freshwaters lie at the interface between non-tidal freshwaters (studied by
limnologists) and marine-influenced waters (studied by estuarine and marine scientists), there is
potential for tidal freshwater ecology to reconcile the two major divisions of aquatic science, which
have often worked in isolation from one another. A prime example of this is the development of
two distinct models that explain patterns of diversity in aquatic habitats that are in reality on a
continuum [freshwater: Statzner and Higler (1986); marine: Remane and Schlieper (1971),

comparison discussed in Rundle et al. (1998)] (and see also VVannote et al. (1980)).

Non-tidal freshwater approach to community ecology

A great many advances in understanding the relative importance of drivers of community
structure and assembly have been made using hydrodynamic non-tidal freshwaters (i.e. Stoks and
McPeek (2003b); Urban (2004); Chase (2007); Urban (2007); Greig (2008); Chase et al. (2009);
Vanschoenwinkel et al. (2009); Verberk et al. (2010); Brendonck et al. (2015); Kneitel (2016)),
which represent a gradient of habitat permanence and predation pressure (Wellborn et al. 1996;
Wissinger 1999). Although ponds and other inland freshwaters have long been touted as ideal
systems for testing ecological and evolutionary hypotheses (Elton 1927; de Meester et al. 2005),

there are some challenges in using inland freshwaters for these questions are that are often difficult
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to overcome. First, with a few exceptions, it is often difficult to find a broad range of abiotic
conditions and biological parameters in an area small enough so as not to introduce isolation effects
that might influence propagule availability, dispersal, subsidies etc. (following Tobler’s (1970)
first law of geography). Second, habitat permanence in inland freshwaters is strongly collinear
with both basin size and predation pressure (Wissinger et al. 1999). Smaller basin freshwater
wetlands are more likely to be physiologically stressful because they dry more frequently, and are
less likely to support a vertebrate top predator guild. This makes disentangling the effects of abiotic
environmental filtering and top-down predation pressure problematic. Predators in hydrologically
isolated freshwaters can also be limited by the availability of prey in that patch as invertebrate
diversity and production is often dependent on basin size (Wissinger et al. 1999; Kneitel 2016).
Many vertebrate predators (fish) are often unable to move between patches, so our ability to discern
their impact on lower trophic levels cannot be separated from bottom-up effects without direct
experimentation. Third, like marine intertidal areas, the communities of inland freshwaters have
experienced sustained and predictable evolutionary tradeoffs (sensu Stearns (1976)) that have
promoted adaptation and speciation along the predator-permanence gradient (Connell 1961; Stoks
and McPeek 2003b, a; Wissinger et al. 2006). The fauna of hydrodynamic inland freshwaters have
specific life-histories or physiologies like programmed dormancy, expedited growth, or high
powers of dispersal that allow them to persist in temporary or ephemeral habitats (Wiggins et al.
1980), and so their community assembly and structure is likely strongly influenced by historical
contingencies like priority effects and a limited potential species pool (Fukami 2015)—the latter

is also especially true for marine intertidal systems due to salinity effects.
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Potential uses of tidal freshwaters in community ecology

By contrast, this thesis has highlighted how tidal freshwaters could overcome these three
challenges of using inland freshwaters for experimental community ecology. First, a broad range
of environmental conditions occur in tidal freshwaters in a small geographic area. Temperature
can change as much as 32°C in a single day and the temperature difference between the lowest and
highest tidal heights is often 15°C or more. There is also a continuous gradient of other abiotic and
biological conditions associated with tidal height (inundation period, desiccation risk, fish
predation, terrestrial invertebrate predation, detrital resources, vertical habitat complexity etc.) that
are all easily manipulated within a contiguous block of habitat. Tidal freshwater areas are often
extensive in unimpacted estuaries, which means within-site replication can be much easier than in
small inland pools or ponds. The role of abiotic and biological stressors in structuring communities
and their food webs may also differ between patchy and continuous environmental gradients—
especially if the gradients span a broad ecotone between two very different systems, as found in
tidal freshwater wetlands.

Second, predators can come and go with the tides in tidal freshwaters and can move easily
between patches. This means they are less constrained by the same abiotic conditions faced by
lower trophic levels and can constantly apply strong selection pressure on any one patch, as their
numbers are less dependent on the availability of prey in one patch. The ecotonal nature of tidal
freshwaters means that they support both aquatic and terrestrial predators, neither of which face
the same abiotic limitations as they prey. Cage experiments that exclude either or both of these
predator guilds across a tidal height gradient would be illuminating on the importance and context
dependency of top-down control in communities and what influence mobile predators that can

forage across ecosystem boundaries have on lower trophic levels.
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Third, tidal freshwater areas, like estuaries in general, are geologically ephemeral
phenomena (Pasternack 2009). The tenuous balance between river discharge and incoming tides
that maintains salinities below 0.5 %o and still permits tidal movements of water is unlikely to have
exerted a sustained evolutionary selection pressure. Sea levels and precipitation regimes have
fluctuated rapidly and often, and some gradient of brackish tidal conditions has likely been a
persistent feature of the landscape. Likewise, while individual temporary inland freshwater
habitats are transient, wetlands that dry seasonally have likely been a feature of landscapes for
millions of years (Williams 2006). Given that tidal freshwaters are unlikely to have been a
persistent feature of a landscape, there appear to be no taxa that are obligate tidal freshwater
specialists like those seen in brackish or marine intertidal zones or non-tidal freshwaters. Almost
all taxa found in tidal freshwaters can be found in a non-tidal freshwater (Yozzo and Diaz 1999),
but this study also highlighted the potential importance of tidal freshwater wetlands for littoral or
sub-aquatic edge taxa. Ultimately, the persistence of a taxon in tidal freshwater habitats means that
it has some adaptations that confer tolerance to abiotic or biological conditions that was outwith
its specific evolutionary history. Environmental selection pressures (e.g. desiccation risk and
predation risk) can be easily manipulated and placed in novel configurations in tidal freshwaters
using weirs and cages (for an example, see Cherry et al. (2015)). Tracking community structure in
these manipulated plots will allow us to discern when tradeoffs faced by potential colonists are
actually tradeoffs and not co-adaptation or co-tolerances. This information that can be used to
predict community responses to novel environments following climate change or species
introductions, and will be useful for prediction in invasion ecology.

And finally, the relative importance and context dependency of drivers of beta diversity

are still not well known (Myers et al. 2015) and ex-situ mesocosm studies have often provided
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contrasting results (Chase 2007; Chase et al. 2009). Preliminary findings of this study suggest that
predation may be a stronger filter on beta diversity than drying, and this hypothesis could be tested
with a well-designed in-situ experiment in tidal freshwaters, that allows multiple drivers to be

extricated from one another.

Conclusion
The overarching aim of this thesis was to investigate how invertebrate communities, in an
understudied habitat type, are influenced by an unusual suite of ecological conditions. By
thoroughly understanding how tidal freshwater communities are structured we may gain valuable
insight into how all communities are structured. Tidal freshwater ecology is currently, without

doubt, a niche field, but it has the potential to generate consilience in community ecology.
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