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details the methods used to construct each of the 3
models.

2.2.  Stage 2: spherical space analysis (surface area
and interstitial volume)

The motivation for the inaccessible volume and
inaccessible surface area metrics is that the inter -
stitial volume is the space used to seek refuge or
inhabit, and within this volume, interstitial surface
area describes the available surface to which the
organisms can attach. In particular, it is the volume
(or area) that is available to a prey organism, but not
to a predator, which matters. The concepts of acces-
sibility and inaccessibility are illustrated in Figs. 3 &
4. Given a predator radius and a prey radius, the vol-
ume of refuge available to the prey is the difference
between the volume inaccessible by the predator and
the volume inaccessible by the prey:

Volume_of_Refuge = inaccessibleVolume (1)
(Predator_radius) – inaccessibleVolume(Prey_radius) 

Consider the arbitrary case of a predator with a
diameter of 0.6 cm (r = 0.3 cm)—this value might
 represent the head width of a small fish, and a prey
diameter of 0.1 cm (r = 0.05 cm)—a typical meso-
invertebrate. The area of refuge calculation is the
same only it uses the inaccessible area function in
place of the inaccessible volume function:

Area_of_Refuge =
inaccessibleArea(Predator_radius) − (2) 

inaccessibleArea(Prey_radius)

The methods we describe in the following sections
are all based on a voxel-based representation of the

macrophyte model and the space surrounding it. A
voxel representation is simply a 3D grid where each
cell (called a voxel) contains either macrophyte tissue
or water. The working volume is defined and dis-
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Fig. 2. Models of (a) the non-native macroalgae Codium fragile spp. fragile, that was a dominant member of Gulf of Maine
subtidal communities in the 1990s and early 2000s, (b) non-native Dasysiphonia japonica that over the past few years has come
to dominate large areas of the near-shore eastern seaboard of New England, and (c) Saccharina latissima, a broad-bladed kelp 

that was once dominant in the Gulf of Maine

Fig. 3.Two-dimensional illustration of the accessibility concept.
The yellow area is the region where organism B can reach,
while not being accessible to the largest organism, A. The
combined red and yellow areas represent the region where
organism C can reach while being inaccessible by organism A

Fig. 4. Example of an inaccessible volume curve for a
Dasysiphonia japonica model. Given a predator organism B
and a prey organism A, the safe volume for A can be read off
from the curve as the range indicated by the blue double-

ended arrow 
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cretized in voxels, which are labeled as follows for an
idealized spherical organism having radius r: macro-
phyte, inaccessible water, and accessible water.

In its simplest conceptual form, the spherical space
analysis algorithm is as follows. First, voxelize the
macrophyte model so that every voxel inside the
model is labeled differently from every voxel outside
the model. Second, for every water voxel in the mod-
eled volume, determine if any of the voxels within
radius r are labeled plant voxels; if not, then label
every voxel within radius r as accessible. All voxels
not labeled as plant and not labeled accessible will
become inaccessible volume for that radius. Unfortu-
nately, a simple brute force implementation of this
method would be prohibitively slow, with compute
time proportional to D3 × R3, where D is the size of
the voxelized volume and R is the radius of the ideal-
ized organism. Supplement 2 describes the algorith-
mic methods we developed to speed up the process
and make it computationally tractable.

Figs. 5 & 6 illustrate the application of spherical
space analysis to models of C. f. spp. fragile and D.
japonica, showing how the inaccessible volume
increases with radius.

For the purposes of habitat analysis, it is necessary
to know the volume of refuge on a per-square-meter
basis. To illustrate a comparison between different
macroalgal species in terms of their spatial distribu-
tions, we considered the simplified case of 1 m2 of
seafloor densely packed with a single species. For

example, there could be 400 D. japonica (5.0 cm size)
in 1 m2. Similarly, there could be 156 C. f. spp. fragile
(8.0 cm) in 1 m2. We treated S. latissima somewhat
differently, since our model consisted not of single
individuals, but of a set of individuals passing
through a 50 × 50 cm quadrat. In this case we simply
multiplied the volume and area curves by 4. Admit-
tedly, this is a simplification compared with the case
where there is a distribution of many different
macroalgal species, but still useful as a method for
comparing how different species structure the sea -
floor on a per-meter basis. Also, in some cases, D.
japonica, C. f. spp. fragile and S. latissima have each
been observed to form dense, unbroken carpets of
many square meters (Harris & Tyrrell 2001, Ramsay-
Newton et al. 2017).

Results from re-processed meso-invertebrate abun-
dance (Dijkstra et al. 2017) and size ranges of meso-
invertebrates (collected from 10 individuals of each
macroalgal species during the summer months in
2016 and 2017) were incorporated into the spherical
space analysis to predict inaccessible volume as a
function of organism size, inaccessible refuge as a
function of prey and predator size per macroalgal
species and then scaled up to habitat (1 m2). Macro-
algae were collected from several sites by placing a
plastic bag over individual specimens and gently rip-
ping the holdfast from the substrate. C. f. spp. fragile
was collected at 5 sites off the coast of New Hamp-
shire (York, ME, Star, White [2 sites], and Lunging
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Fig. 5. Spherical space analysis applied to the Codium fragile spp. fragile model. Yellow regions: volumes which are inacces-
sible by an idealized spherical organism of a particular size

Fig. 6. Spherical space analysis applied to the Dasysiphonia japonica model
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Islands, a cluster of islands 7 miles offshore]). D.
japonica was collected at 5 sites (York, ME, Apple-
dore [2 sites], White and Star Islands), and S. latis-
sima was collected at 6 sites (York, ME, Appledore [2
sites], Lunging and White Islands [2 sites]). Meso-
invertebrates were removed from the macroalgae by
placing each alga in a freshwater bath for ~2 min as
per Holmlund et al. (1990); all remaining individuals
were picked off using tweezers under a dissecting
scope. The water was then sieved using a 0.0125 cm
sieve, and all meso-invertebrates were placed in a
tube filled with ethanol and labeled. Sizes of Mytilus
edulis and aggregated amphipods and caprellids
associated to macroalgal individuals were deter-
mined. Sizes were weighted with respect to abun-
dance of M. edulis, amphipods, and caprellids ob -
served within each size class on macroalgal species.

3.  RESULTS

Fig. 7 shows inaccessible volume and area func-
tions for individual modeled specimens of Codium
fragile spp. fragile and Dasysiphonia japonica, com-
puted using the methods described. Fig. 8 shows
inaccessible volume and area functions for S. latis-

sima, plotted on different axes because of the large
difference in scale between this species and the other
2. As can be seen, the 3 species each have radically
different distributions of inaccessible space accord-
ing to size. In particular, D. japonica has significantly
greater interstitial volume and area below a radius of
0.75 cm.

Weighted size class ranges of the 3 invertebrate
taxa ranged from 0.33−0.39 cm for the macroalga size
class range of 0−0.05 cm, 0.62−0.68 cm for the size
class range of 0.05−1.0 cm, and 1.27−1.58 for the size
class range >1.0 cm (Table 1). Percent abundance of
each size class varied with macroalga species; 19.2,
20.5 and 60.3% of meso-invertebrates associated with
S. latissima were found in 0−0.05, 0.05−1.0 and
>1.0 cm classes respectively. Further, 51.8, 31.9 and
16.3% of meso-invertebrates associated with C. f. spp.
fragile were found from the smallest to the largest size
classes, and 60.7, 23.2 and 16.1% of meso-inverte-
brates associated with D. japonica were found from
the smallest to the largest size classes.

But these comparisons are for single individuals of
each species. Applying the methods described above
to obtain results on a per-square-meter basis gives the
results shown in Fig. 9 for inaccessible volume and
 inaccessible surface area. Simple inspection of these
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Fig. 8. Computed
inaccessible (a) vol-
ume and (b) area
function for a 50 cm3

quadrat of Saccha-
rina latissima

Fig. 7. Computed inacces-
sible (a) volume and (b)
area functions for samples
of Dasysiphonia japonica
and Codium fragile spp. 

fragile



Ware et al.: Three-dimensional habitat analysis method

functions shows D. japonica is striking in that it has far
greater areas and volumes for organisms having a
 radius of 0.75 cm and less. There are also interesting
crossover points in terms of inaccessible volume that
may predict preferences for organisms of particular
sizes.

There is also an obvious limitation to the fact that
we only modeled a single individual of each macro-
algal species. To somewhat mitigate this, we gener-
ated variants on each using what we felt to be rea-
sonable parameter changes. In the case of C. f. spp.
fragile, we increased the branching depth from 7 to
8, which, because it is a binary branching structure,
roughly doubles the number of limbs. In the case of
D. japonica, we constructed a sparser version by ran-
domly dropping 40% of the limbs at each branch
point, reducing the branching depth and increasing
the limb length. This produced a plausible scrawny
alternative. In the case of S. latissima, we increased
the number of blades in the quadrat from 8 to 13. The
alternative curves that were generated in this way
are shown as dashed lines in Fig. 9.

To obtain an estimated abundance of meso-inver-
tebrates per square meter for the 3 macroalgae mod-
eled here, we also re-analyzed meso-invertebrate
abundance per individual of each species of macro-
alga from Dijkstra et al. (2017) and similarly scaled
these values to achieve counts on a per-square-meter
basis. We did this for 3 size ranges and the results are

given in Table 1. This shows the weighed mean sizes
and estimated abundances per square meter for the
3 macroalgal species. As can be seen there were
orders of magnitude in difference in abundance
between the 3 species for the smaller size ranges.
Note that even though we excluded the holdfasts
(because we did not model them), the large differ-
ences in meso-invertebrate abundance would remain
even if we had included them.

We calculated refuge habitat volume and areas for
the mean prey sizes in each size category assuming a
predator (head) sizes of 1.0 and 0.5 cm diameter,
 representing small fish, and a prey sizes of 0.1 and
0.05 cm (note that body width or diameter is more
relevant than length in terms of how well a predator
can access a prey individual). Using these values in
the calculation (Eqs. 1 & 2) for both of the 2 models
of each macroalgal species results in 8 estimates of
refuge volume and area for each species.

The results showing the relationship between in -
vertebrate counts and both volume and area of refuge
are shown in Fig. 10. This shows that D. japonica
 harbors much greater abundance, consistent with
the greater volume of small inaccessible spaces and
areas. The comparison between C. f. spp. fragile and
S. latissima is more nuanced. There is considerable
overlap between the volume of refuge for the sizes
we tested, but C. f. spp. fragile may provide a greater
area of refuge.
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Species Macroalga size class range
0.0−0.05 cm 0.05−0.1 cm >0.1 cm

Mean Estimated Mean Estimated Mean Estimated 
size abundance m−2 size abundance m−2 size abundance m−2

Dasysiphonia japonica 0.033 45929.4 0.063 17566.0 0.126 12141.72
Codium fragile spp. fragile 0.039 4291.8 0.063 2641.8 0.135 1352.9
Saccharina latissima 0.034 98.4 0.068 105.44 0.158 309.60

Table 1. Weighted mean meso-invertebrate sizes and abundances estimated on a per-square-meter basis for the 3 macroalgal
species

Fig. 9. Inaccessible (a) volume and
(b) area functions generalized to
1 m2 of seafloor. Colored curves:
derived from models based on
field measurements. Grey curves
of similar shapes are based on con-

structed variants
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4.  DISCUSSION

Temperate reef systems around the globe are
experiencing dramatic shifts in species composition
in which kelp beds are receding, and short filamen-
tous and tufty forms of macroalgae are rising (Con-
nell & Irving 2008, Dijkstra et al. 2017, Rindi et al.
2017). This study provides a novel concept to evalu-
ate how this shift may affect ecosystem function.
Spherical space analysis describes 2 ecologically
important functional traits, inaccessible volume and
area, at the individual and habitat level. It provides a
way of describing the ‘habitable spaces’ in 3D for
small organisms such as meso-invertebrates, and can
be used to predict predator−prey interactions in the
face of shifting foundation species.

Our model of varying sizes and branch lengths
of macroalgae indicate that filamentous forms of
macro algae have more volume and area of refuge
for meso-invertebrates than forms with larger thicker
branches, or blades. The differences are most pro-
nounced for organism sizes of less than 1.0 cm in
diameter, where Dasysiphonia japonica has many
times the inaccessible volume compared to Codium
fragile spp. fragile and Saccharina latissima. The
habitable volume and inaccessible volume of S. latis -
sima continues to increase well above 4 cm, sug-

gesting that this species can provide a better refuge
for small fishes (<2.0 cm body diameter) from larger
fishes. This difference appears to be robust in that it
is equally pronounced in the model variants we con-
structed as well as the original models that were
based on direct measurements of macroalgae.
Spherical space analysis shows that for larger
organisms (~1 cm body diameter) the differences in
inaccessible volume and area between the 3 species
is much less. It is likely that this relationship will
hold true for many filamentous forms, particularly
the tufty forms (Connell et al. 2014, Benedetti-Cec-
chi et al. 2015) of macroalgae, as volumes of smaller
spaces between thallus branches increase faster
with distance from the holdfast than the volume of
larger spaces. For example, if the length of thalli
decreases and the pattern of the branching structure
becomes more intricate, then there is a larger vol-
ume of smaller spaces and a smaller volume of
larger spaces. The filamentous forms of macroalgae
have a larger volume of smaller spaces that appear
to harbor greater numbers of individuals that are
smaller in size than those associated with blade
forms, as shown in this study.

Spherical space analysis is motivated by the con-
cept of ecological affordances (Gibson 1979), in this
case the affordances offered in the form of refuge
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Fig. 10. Estimated abundance in terms of meso-invertebrates per square meter related to the estimated (a,b) refuge volume
and (c,d) refuge area for 1 m2 of seafloor covered by each of the 3 macroalgal species. Two predator and 3 prey sizes were 

used to generate the points. Open circles are based on modeled macroalgal variants
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from predators. By definition, a refuge necessarily
involves both an organism and a potential predator. It
is the difference between the volume that is accessi-
ble by one organism, but inaccessible by another,
that is a critical component of predator−prey interac-
tions. Our model suggests that a kelp bed has an
enormous accessible volume for meso-invertebrates,
but it is also mostly accessible by various sized fishes,
whereas a bed of D. japonica has a much smaller
accessible volume for meso-invertebrates, but is
even more limited in terms of accessibility by small
fish.

Predation of small fishes on meso-invertebrates
will be less frequent in a habitat dominated by fila-
mentous and turf-forming macroalgae than in
branched (e.g. C. f. spp. fragile or Fucus spp.) or
blade forms (e.g. S. latissima). This is particularly
true for species such as gastropods, bivalves and
some amphipods, whose mobility is limited (O’Brien
et al. 2018). While morphological variations among
heterospecific macroalgae will likely outweigh mor-
phological variations within conspecifics (Dijkstra et
al. 2017), our model suggests the density of thalli in
filamentous and branched forms will moderately
affect the volume of refuge and predator−prey inter-
actions. In contrast, the density of blades in kelp beds
will greatly increase the volume of refuge, as our
model predicted a positive relationship between
refuge volume/area and blade number. This is par-
ticularly true for sizes >1 cm, suggesting that greater
density of kelp not only provides more refuge for spe-
cies that occur at the base of the food web, but also
for upper trophic-level species such as juvenile
fishes.

The central simplifying assumptions of spherical
space analysis are that organisms are spherical and
that the plants are rigid. Clearly the rigidity assump-
tion is violated for macroalgae. Nevertheless, spaces
within macroalgae become substantially less acces -
sible when the passageways between their thalli
become smaller than an organism attempting to prey
on meso-invertebrates contained within. The analy-
sis in terms of spherical organisms also clearly does
not match reality. Nevertheless, in most cases a small
fish, amphipod or worm will likely be able to inhab -
it approximately the same volume, equating body
radius to sphere radius. Spherical space analysis,
despite its assumptions, is a metric that is 3D at the
outset, a property missing from most previous meas-
ures. One metric that is similar (Bartholomew et al.
2000) considers only the average interstitial distance,
not the distribution of spaces. Further, our model has
been primarily concerned with the spatial architec-

ture of particular species of macroalga, each consid-
ered in isolation. But any particular region of benthic
habitat will contain a diversity of macrophyte spe-
cies. Given appropriate sampling methods and a set
of parameterized macroalga models, it will be pos -
sible to estimate spherical space functions on a square
meter basis for any distribution of macroalgae.

The methods we developed to carry out spherical
space analysis involve developing 3D models of indi-
vidual macroalgae and subjecting them to a compu-
tationally expensive process to construct inaccessible
volume and area functions. However, spherical space
analysis does not depend on the particular methods
and algorithms described in this paper, nor does it
depend on the use of computer graphic models. With
a method for directly measuring the 3D structures of
macroalgae in water, the results could be used as
input to spherical space analysis. For example, a
sample might be frozen, microtomed and imaged to
generate a 3D voxel set. Alternatively, it should be
possible to create functions which produce inaccessi-
ble volume and area curves directly from sampled
properties of macroalgae. Such functions could be
validated by the methods we have developed, and
thereafter it would be only necessary to sample
macroalgae to determine statistical branching prop-
erties (number of sub-branches for each branch,
branching depth), branch lengths and diameters, and
from these properties estimate inaccessible volume
and area functions.

In recent years, kelp forests have declined and
been replaced with turf or filamentous forms of
macroalgae (e.g. Connell & Irving 2008, Dijkstra et
al. 2017). As various kelp forests provide ecosystem
services and goods valued >$2M km−1 yr−1 (Vasquez
et al. 2014, Bennett et al. 2016, Blamey & Bolton
2018), it is important to disentangle and identify dif-
ferences in ecological processes in kelp and other
morphological forms of macroalgae. This is particu-
larly critical for restoration efforts, as it will elucidate
which morphological form and density of forms
would preserve ecological functions that maintain
the integrity of the community. Spherical space
analysis can help to explicate this process, as it pro-
vides a mechanistic basis for the relationship be -
tween various forms of macroalgae, abundance and
size of species that exist at the base of the food web,
and predator−prey interactions. Though more research
is needed for an evaluation of the power of inaccessi-
ble space to account for variation in epifauna at the
community level, this tool can help to predict the
retention or release of ecosystem services caused by
a change in foundation species.
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