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dock or salt marsh (p=0.157 and 0.318 respectively; Fig. 4.5b). Egg OFA concentration 

also decreased with increasing GW:CW (p=0.022).  

4.4.6 Egg Glycogen Content 

 Egg glycogen content did not differ between habitats (dock vs. mangrove: 

p=0.107; dock vs. salt marsh: p=0.402; mangrove vs. salt marsh: p=0.743; Fig. C.3) and 

was not affected by GW:CW (p=0.612) or month of collection (p>0.05). However, egg 

glycogen content decreased with increasing maternal size (p<0.001). 

4.4.7 Demographics 

The smallest and average sizes of ovigerous females differed between habitats 

with salt marsh crabs becoming reproductively active at a smaller size than conspecifics 

in the dock and mangrove habitats while those from the dock were smaller than those 

from the mangrove (Saltmarsh: Smallest=8.0, Avg.=12.2±1.6; Docks: Smallest=11.1, 

Avg.=17.0±2.2 ; Mangrove: Smallest=13.4, Avg.=18.1±2.5; dock vs. mangrove: 

p<0.001, dock vs. salt marsh: p<0.001; mangrove vs. salt marsh: p<0.001; Fig. C.1). The 

size distributions of ovigerous females also differed between habitats (dock vs. 

mangrove: p=0.002; dock vs. salt marsh: p<0.001; mangrove vs. salt marsh: p<0.001; 

Fig. C.3) 

4.5 Discussion 

 Our results demonstrate that an artificial analogous habitat within a colonized 

suboptimal ecosystem can increase the reproductive potential and fitness of a colonizing 

range shifting species. For our system, this manifests as docks providing a superior 
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reproductive habitat than the surrounding salt marsh. Crabs found on docks produced 

greater numbers of higher quality larvae for a lower per-egg energetic investment than 

conspecifics elsewhere in the salt marsh (Fig. 4.6). Further, the disparity in larval quality 

appears to be driven by differences in the quality of maternal investment reflected in the 

egg fatty acids (Fig. 4.6). While there is likely some travel between the dock and salt 

marsh habitats, this would minimize observed differences making our results 

conservative and strengthening their explanatory power.  

 Despite the benefits provided by analogous habitats, our results suggest that they 

may remain a subpar reproductive habitat compared to the historic ecosystem of a range-

shifter (Fig 4.6). In fact, A. pisonii in the mangrove produced the highest quality larvae. 

This is unsurprising, as organisms would be expected to reproduce most successfully 

under conditions to which they are adapted. However, the higher size-corrected clutch-

sizes (i.e. per-size offspring production) of conspecifics in the dock and salt marsh 

habitats may counteract some of the reproductive fitness lost to larval quality. It is 

common for individuals in range-edge populations to produce more offspring than 

conspecifics in the range-core, who tend to apply a strategy of quality over quantity 

(Chuang & Peterson 2016 and references therein). The higher lipid content of eggs from 

the mangrove further reflects these differing strategies. Yet, the dock habitat appears to 

allow A. pisonii to straddle these two strategies, producing large numbers of intermediate-

quality larvae, and thus reflects a theoretical “mid-range” reproductive habitat despite 

occurring at the range-edge. Thus, while the historic ecosystem provides the ideal 

reproductive habitat, the artificial analogue is superior to the surrounding colonized 

ecosystem, a pattern we expect will hold true across systems. 
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The increased reproductive potential of crabs on docks relative to the surrounding 

salt marsh emphasizes the potential importance of analogous habitats, and habitat effects 

in general, to range shifting species while the egg quality parameters suggest the 

mechanism behind the acquired benefits. The only measure that differed between the 

dock and salt marsh was the FA profiles. As the FAs invested in eggs are crucial to larval 

quality (Yamaoka & Scheer 1970, Beltz et al. 2007) and reflect maternal diet (Smith et al. 

2004, Rosa et al. 2007), it is likely that more favorable dietary conditions found on docks 

(Cannizzo et al. 2018) are largely responsible for the improved larval quality. This is 

further reflected by eggs from docks exhibiting higher concentrations of the 

developmentally critical Ω-3s, EPA, DHA (Yamaoka & Scheer 1970, Rosa et al. 2007), 

and HUFAs (Cahu et al. 1995, Rey et al. 2017), as well as the higher neurogenesis-

stimulating Ω-3:Ω-6 ratio (Beltz et al. 2007); all of which also indicate a higher quality 

investment deriving from a high-quality diet (Smith et al. 2004, Beltz et al. 2007, 

Koopman & Siders 2013). The low EPA:DHA ratio of eggs from docks further supports 

this hypothesis by indicating a higher trophic position (Auel et al. 2002, Rosa et al. 

2007). This suggests the dietary origin of the improved investment is animal material, a 

high-quality food source preferred by A. pisonii (Erickson et al. 2008) which is likely an 

important dietary component on docks (Cannizzo et al. 2018). In contrast, the high 

concentration of OFAs in salt marsh eggs suggests a higher dietary dependence on low-

quality detritus (Rosa et al. 2007).  

Diet appears to be the most important measured factor affecting offspring quality 

in this system and is likely to be a factor in many analogous habitats. While the 

mechanism of greatest importance may change from system-to-system, analogous 
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habitats provide a suite of conditions that can lead to increased reproductive potential and 

fitness for range shifting populations. Analogous habitats will often positively influence 

environmental parameters, which can have drastic impacts on offspring quality (Helm et 

al. 1973). For example, crabs in the salt marsh experience higher temperatures during the 

reproductive season than conspecifics in either the mangrove or dock habitats (Cannizzo 

et al. 2018). Higher incubation temperatures have been shown to alter the biochemical 

makeup (Smith et al. 2002) and development (Zeng 2007) of crustacean larvae and likely 

increase embryonic metabolic rates and the use of yolk reserves in the salt marsh. These 

effects could translate to lower starvation resistance and dispersal ability. The sum of the 

benefits provided by an analogous habitat could also increase reproductive potential 

through improved physiology and body-state. In A. pisonii, this effect is perhaps best 

represented by the increased return on reproductive investment (more eggs per unit 

energetic investment) found in crabs on docks. The fact that crabs grow larger on docks, 

likely due to a combination of improved thermal and dietary conditions (Cannizzo et al. 

2018), further increases the quantity of offspring they produce. The importance of this 

effect to the reproductive potential of the population is not yet known, but results here 

suggest that individuals on docks make an important reproductive contribution to the 

expanding range of this species. Given the importance of reproduction to colonization 

success (Colautti et al. 2006, Simberloff 2009) and the relatively small area of analogous 

habitats within colonized ecosystems, individuals occupying analogous habitats could 

play vital roles in the persistence and continued expansion of shifting species. Habitat 

analogues may even accelerate the rate of expansion through the production of more 
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and/or higher quality offspring. As such, understanding the role of analogous habitats will 

be critical for the management and prediction of range-shifts.  

Many habitat analogues are artificial (Lundholm & Richardson 2010 and 

references therein), providing a unique opportunity for the conservation and management 

of range shifting species. Through the installation, alteration, or removal of analogous 

habitats, managers may be able to manipulate habitat effects and target reproductive hot-

spots of range-shifters thus encouraging or reducing their spread and persistence. For 

instance, artificial structures could provide habitats to shifting mangrove-associated 

species, a habitat which is globally threatened (Sandilyan & Kathiresan 2012), and even 

be used as a mitigation and dispersal corridors in areas of mangrove deforestation. The 

establishment of corridors between favorable habitats is a commonly discussed strategy 

to aid range shifting species (Hannah 2001, Krosby et al. 2010) and artificially modified 

habitats have been used to improve conditions in climate-impacted native ecosystems 

(Mitchell et al. 2008, Shoo et al. 2011). However, habitat construction has not been a 

focus in managing the climate-mediated range-shifts of native species into new 

ecosystems (but see Hoegh-Guldberg et al. 2008). In such instances, species are not 

simply moving between fragments of historically-favored habitat, but colonizing entirely 

new ecosystems where novel habitat effects will likely play a permanent role in the 

persistence of the population. Our results suggest that the strategic placement or 

modification of artificial structures within these natural, but suboptimal, ecosystems 

could increase the reproductive success of range shifting species that are reproduction-

limited and, given the relatively small size of these habitats, play an outsized role in their 

persistence and rate of shift in a colonized ecosystem.  
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While habitat effects are likely of greatest importance to larval and seed 

dispersers, even mobile adult-dispersing species could receive reproductive benefits from 

habitat analogues through mechanisms such as predation refuge or improved diet and 

body condition. This potential of artificial habitat analogues to mitigate negative habitat 

effects and increase the reproductive fitness of shifting species has broad applicability 

across systems. Despite the relative lack of study on the role of analogous habitats during 

range shifts (but see Grant 2006, Grieg et al. 2017), they could provide a vital 

reproductive boost for shifting populations encountering suboptimal conditions. If the 

benefits documented here are general across systems, the role of artificial habitat 

analogues in altering reproductive fitness could be important to the management and 

success of future range shifting species. Thus, both habitat analogues and habitat effects 

represent understudied phenomena in range-shift ecology that merit further investigation 

in the study and management of range-shifts. 
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4.7 Tables 

Table 4.1. Locations of collection sites. X’s denote which sites were used in each aspect 

of the study. 

Habitat Site Lat-Long 
Energetic 

Investment 

Egg 

Quality 

Larval 

Quality 

Mangrove Pepper Park 
27o29’42’N 

80o18’12”W 
X X X 

Mangrove 
Round Island 

Park 

27o33’33”N 

80o19’53”W 
X X X 

Mangrove Oslo Road 
27o35’14”N 

80o21’55”W 
X X X 

Mangrove 
North 

Causeway 

27o28’28”N 

80o19’12”W 
X X  

Mangrove Bear Point 
27o25’48”N 

80o17’10”W 
X   

Salt Marsh GTM NERR 
30o0’49”N 

81o20’42”W 
X X X 

Salt Marsh 
Anastasia 

State Park 

29o52’40”N 

81o16’32”W 
X X X 

Salt Marsh Vilano Marsh 
29o55’16’N 

81o17’57”W 
 X X 

Dock Palm Valley 
30o07’57”N 

81o23’08”W 
X X X 

Dock Yacht Club 
29o53’09”N 

81o17’08”W 
X X X 

Dock Boating Club 
29o56’34”N 

81o18’31”W 
 X  

Dock Vilano Dock 
29o56’33”N 

81o18’32”W 
  X 
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4.8 Figures 

 

Figure 4.1. Proportional energetic investment into reproduction, calculated 

as gonadosomatic index, of male, ovigerous female, and non-ovigerous 

female A. pisonii in different habitats. Letters denote homogeneous groups 

in this and all other figures presented in this paper. In each boxplot, and in 

all other boxplots presented in this paper, the median is represented by a 

heavy line, the box represents the upper and lower quartiles, while the 

whiskers represent 95% of the data and circles show outliers. 
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Figure 4.2. (A) Kaplan-Meier curves 

comparing starvation resistance of A. pisonii 

larvae from different habitats. (B) 

Comparison of larval size at hatching, 

measured as larval dry mass, between 

habitats. 
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Figure 4.3. (A) Aratus pisonii clutch-size in 

different habitats. (B) Size-independent 

clutch size in different habitats represented 

by residuals of the relationship between crab 

size and clutch size. 
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Figure 4.4. (A) Gross lipid content of A. pisonii eggs originating from each habitat as 

percent of egg mass. (B) Ω-3 fatty acid content of eggs originating from each habitat as 

proportion of egg mass. (C) Ω-3:Ω-6 ratio of eggs originating from each habitat. 

Horizontal line represents a 1:1 ratio. (D) Concentration of HUFA in eggs originating 

from each habitat. 
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Figure 4.5. (A) EPA:DHA ratio of eggs 

originating from each habitat. (B) 

Concentration of odd-numbered fatty acids 

of eggs originating from each habitat. 
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Figure 4.6. Summary of the conclusions drawn from the results of this study. Green 

arrow indicates the first habitat in the comparison is better for the result being compared 

while a red arrow indicates it is worse and a blue equal sign indicates the habitats did not 

differ. A black dash indicates an inability to draw a conclusion between the compared 

habitats. 
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