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Study description

Research sample

Sampling strategy

Data collection

This study utilized field experiments, geographical surveys (on the ground and drone based), and mathematical models to describe
how feral hogs affect the recovery and resilience of southeastern US salt marshes. Here I will briefly describe each aspect of the
study:

To determine if there was a relationship between hog activity and salt marsh fragmentation (i.e. structure of remnant cordgrass
patches) in the southeastern US, we conducted a drone survey recording the number and size of cordgrass patches in 10 marshes in
Georgia and Florida that varied in hog activity. To determine if there was a large-scale correlation between hog activity and ribbed
mussel densities, we conducted mussel density surveys at six marsh sites on Sapelo Island, GA. We conducted two experiments to
determine how hogs affect positive interactions in salt marshes. First, to determine whether cordgrass mediates hog predation
intensity on ribbed mussels, we conducted a two-week mussel transplant experiment in cordgrass patches and adjacent bare mudflat
in two sites in two different years. Second, to test the hypothesis that hogs alter the strength of the positive effects of mussels on
cordgrass and other associated marsh organisms, we conducted a three year two-factor experiment manipulating the presence of
both mussels and hogs using exclusion cages (n=8). We also tested the causal hypothesis that hog disturbance stalls the recovery and
outgrowth of salt marsh grasses into surrounding mudflats with a hog exclusion experiment of recovering patches during marsh
revegetation after years of severe drought (n=10). Last, we integrated hog predation of mussels into an existing marsh recovery
mathematical model to compute the time the vegetation needs to recolonize the landscape following a disturbance that removes all
vegetation outside of the mussel patches.

Response variables for this study were generally aspects of salt marsh plant or animal communities, thus were meant to represent a
salt marsh cordgrass, crab, or mussel population in the coastal southeastern US. Cordgrass was the only organism removed from the
marsh as a sample but the following organisms were measured: cordgrass Spartina alterniflora, fiddler crabs Uca sp, mud crabs,
Eurytium limosum and Panopeus herbstii, purple marsh crabs Sesarma reticulatum, ribbed mussels Geukensia demissa. These
samples were chosen to most accurately represent potential changes in the salt marsh invertebrate community due to hog activities.

The sampling strategy was to collect data to best represent field patterns while minimizing local disturbance and visits to sites. Field
experiments (n = 20, 16), drone surveys (n = 14), and mussel surveys (n = 6) sampling sizes were limited by cost and time allocation.
Field experiments ran for at least 2 years, while surveys were conducted once

All data was collected in the field using visual techniques or, in the case of the drone survey, collected on video camera and analyzed
on a computer later on. All field data was collected visually by one of the following researchers: M. Hensel, E. Hensel, S. Sharp, S.
Crotty via pencil and notebook while in the field.

We conducted a drone survey recording the number and size of cordgrass patches in 14 marshes in Georgia and Florida that varied in
hog activity. Sites were chosen within the Southeastern US to minimize variability across large scales, then standardized for size
(between 0.6 and 1 km2), and variation in estimated hog activity. Using a DJI Phantom 3 drone with a GoPro Session camera
attached, we surveyed three 15000m2 areas (approximately 50 m wide, 300 m long), at least 500m apart, in each salt marsh sites (30
total flights). Drone path length, which determines area covered, as well as the height of the drone was standardized (30m high) to
control the total area covered for each drone flight. We created a photo mosaic of each flight using PhotoscanPro. We calculated
total number of live cordgrass patches and mean patch size for each of the flights, scaling each mosaic with a known, marked area on
the ground, and manually circling and measuring patches using ImageJ. Each image had 10m long markings as a scale bar

In our patch recovery experiment, we marked 16 replicated 2x2m plots on the edge of similarly sized patches (between 9m2 and
16m2) within a bare mud-remnant patch matrix, where no two patches were closer than 5 m from each other in May 2013 at Kenan
Field and Miller Pump (~4 km away) marshes in the Sapelo Island NERR. We set up each plot to have the same initial starting percent
cover (50%), in order to properly capture recolonization and recovery rate. Mesh size of the hog wire was 20 cm2 and cages were
1.5m tall, allowing access to all marsh species including other large mobile predators like blue crabs, fish, and raccoons. We found
evidence (e.g. raccoon tracks, crushed mussel shells) that these other predators were allowed equal access to caged and uncaged
plots. The only other exclusions were likely deer, horses or cows, which are not known to consume marsh organisms and only occur
at very low densities in our study sites 90. In this study, we observed no buildup of wrack material and hog exclusions with smaller
mesh (2cm2) have shown no evidence of flow artifacts. For each plot we standardized initial plant density and percent cover
(130-150 cordgrass stems/m2; 50% cover) and selected plots with nearly identical initial invertebrate densities (5-10 fiddler crab Uca
sp. burrows/m2, 0-25 snails Littoraria irrorata/m2, and 0-10 ribbed mussel Geukensia demissa /m2) to ensure there were no
differences between plots and within sites. Initial plant cover was not manipulated at the beginning of the experiment, rather, we
specifically selected the same sized patches with similar stem densities and explicitly marked plots so that each plot began at 50%
cover, with half of the plot covering the vegetated patch and the other half covering unvegetated mudflat, i.e., where cordgrass
recovery would occur. Over the course of the experiment, we recorded percent cordgrass cover using a gridded quadrat. Final data
on this experiment was recorded in July 2015 after 24 months in the field.

We conducted mussel density surveys at six marsh sites on Sapelo Island, GA in 2018. Within each marsh, we selected 120m2
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transects in each of two area types: the creek head, where water first enters the marsh platform and mussel cover is highest 91, and
the high marsh platform, zones of short-form cordgrass located 30m from the terrestrial border and >50m from the nearest creek
head. Mussel surveys were conducted at three known hog-accessed and three hog-free sites. Sites were selected based on proximity
to human development, a proxy for hog-access on Sapelo Island (Supp Fig 5, Georgia Department of Natural Resources pers. comm,
M. Hensel pers. obvs) and were similar in elevation, creek size and number, and total marsh area. Within each 120m2 transect, we
counted all singleton mussels and mussel aggregations, and measured the dimensions of each mussel and mound encountered
(LxWxH). For each singleton mussel and mound, we identified whether the mussel or aggregation of mussels was associated with
cordgrass through attachment by byssal threads, and categorized the local area type as marsh platform, active mussel mound, or
defunct mussel mound—locations where mussel mound remnants are visible (i.e. shell fragments, bump in primary productivity,
mussel pseudofeces buildup), but no mussels (or very few) remained.

We conducted a three year two-factor experiment manipulating the presence of both mussels and hogs using exclusion cages. At
both sites, we selected 20, 2x2m plots in cordgrass patches and randomly assigned each to one of the following treatments: 1) Hog
exclusion, no mussels, 2) Hog exclusion, mussels added, 3) Hog control, no mussels, 4) Hog control, mussels added. Mussel addition
treatments consisted of four separate mussel mounds with 20 individual adult mussels per mound, reflecting natural mound
densities for coastal Georgia marshes 40. Mussel addition treatments were reapplied at the end of year 1 and year 2 of the
experiment as some (~2-6 mussels/cage/year) mussels inside of hog exclusion cages were consumed by raccoons or experienced
mortality from transplant stress and there were no mussels left in any uncaged plots. Throughout the course of the experiment we
measured live and dead grass mass, as well as marsh community structure that has been shown to be positively affected by this
mutualism (i.e. fiddler crab and mud crab burrow density).

To test for the long term implications of hog trampling and mussel predation, we integrated hog predation of mussels within an
existing numerical model of salt marsh recovery. We extended this model to include a mussel population, whose cover can vary
between zero and a maximum standing crop (defined as one) which is equivalent to the maximal mussel cover observed in the area
of about 10%. We presumed a set hog population, which exerts a certain predation pressure on the mussels, determining mussel
cover. Modeled hog population predation pressure varied based on three different predation methods: no focus of hogs on mussels
(i.e., haphazard consumption when hogs enter the marsh), incomplete focus of hogs on mussels, and complete hog focusing on
mussels. Assuming a random distribution of mussel patches in the landscape, we then computed the time the vegetation needs to
recolonize the landscape following a disturbance that removes all vegetation outside of the mussel patches, mimicking a drought-
induced die-off event

Hog feces survey: May 2013-August 2015, data collected haphazardly, monthly across whole marshes (0.1 - 1 km2 marsh). Patch
recovery exclusion experiment and mussel addition experiment: May 2013-September 2016 (August 2015 for patch recovery
experiment, see exclusions below), data collected monthly during growing season, plot level data collected. Drone survey, November
2017, Mussel survey, September 2018, data collected once over two weeks, whole marsh scale data collection (0.1-1km2 area). Data
collection frequency was determined by both time availability and to try to minimize disturbance to areas and minimize spreading
the scent of humans around areas where hogs visit.

6 months before the planned end of the patch recovery experiment (Summer 2015), University of Georgia archaeologists began work
near one of our marsh sites. As human activity tends to negatively affect feral hog usage of areas, we decided to end the exclusion
experiment early.

Besides multiple replications of certain aspects of this study over time (e.g., hog feces survey done during two different years, mussel
transplant experiment done during two different years) that we eventually pooled into major response variables, we did not attempt
to reproduce experimental results. The large-scale and long-term nature of our study make reproducibility nearly impossible, as
experimental treatments were applied for multiple years. We expect that our methods are complete enough for reproducibility in
both the field and in analyses.

For experimental randomization, we first laid out plots and then used random number generators to determine which treatment
each plot received. For surveys (i.e., mussel survey, drone survey) we used a map to randomly select areas of marsh to sample. Each
marsh itself was selected non-randomly for these surveys in order to minimize variation in marsh elevation, creek number and size,
and overall marsh size. In our drone survey, geographic randomization was accounted for by selecting an equal number of high-hog
and low-hog sites in both Georgia and Florida. We expect that randomization was maximized for the drone survey, but for the mussel
survey we selected sites on Sapelo Island that were known (by local managers and researchers) to either have hogs or no hogs. No
hog marshes were concentrated on the southern end of the island, closer to human development, while hog-accessed marshes were
further north. By controlling for marsh size and utilizing our extensive knowledge of these field sites, we minimized variation in these
surveyed marshes as best as we could.

Blinding was not possible due to the low number of researchers collecting data (generally one or two) but blinding should not affect
the validity of this field collected data

Study took place over several years, with most field work concentrated during early summer (hot, humid coastal Southeastern US
conditions) and early fall (mild conditions). Experiments and surveys were conducted during a drought-recovery period for the
Coastal Southeast (see Supp Materials)

Experiments, mussel, and feces surveys were conducted on Sapelo Island Georgia in the Sapelo Island NERR and LTER sites
(~31.4764° N, 81.2409° W). Drone surveys were conducted along the GA and FL coast in state parks or LTER sites, including at the




