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スライドの構成と文献について

　本スライドは、マイクロプラスチックのサイズ分布に関する拙著に基づいて構
成されている。 
Aoki K., and R. Furue (2021): A model for the size distribution of marine microplastics: a statistical mechanics approach, 
PLOS ONE, https://doi.org/10.1371/journal.pone.0259781 

そのため、海洋プラスチック研究はじめ、高分子や破壊に関する話題は、本論文
に関係する(しそうな)ものだけに限られていることご了承いただきたい。上記論
文および引用文献についてはスライドの中でリンクを貼っておいた。スペースの
都合上、引用文献には、極力、レビュー論文や教科書を挙げてある。各専門領域
で重要なオリジナル文献にはそこから辿っていくことができると思う。また、そ
のいくつかは上記論文の中でも引用しているので参考にされたい。以上、文献収
集の際の参考になれば幸いである。

https://doi.org/10.1371/journal.pone.0259781
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It is likely that plastics now flow through major food-webs
across the Earth. Terrestrial, freshwater and marine food-webs
are all at risk, with potential implications for individuals,

populations and ecosystems, as well as human health1–4. More
than 690 marine species2,5 and over 50 freshwater species are
reported to ingest plastic, with adverse effects postulated through
physical damage, direct toxicity or physiological effects from
additives and adsorbed pollutants3,5. Plastics may also alter the
flux of energy and nutrients through both individual organisms
and ecological networks6. The foundation for understanding all
these processes is to quantify global primary plastic ingestion, and
then the proliferation of plastics through food-webs. Although a
key piece of the puzzle, current understanding of the entry and
transfer pathways of plastics through food-webs is in its infancy4.

The dynamics of plastics entering food-webs can be considered
to adhere to two fundamental explanatory variables: (i) The
extent to which plastics and animals physically co-occur in space
and time; and (ii) the propensity of plastics to be ingested by an
animal (‘ingestibility’). To date, knowledge has largely been lim-
ited to the former, with calls for development of the latter7.
Global distribution models of plastic pollution8–11 and organ-
isms12–14 have enabled estimates of co-occurrence, including
encounter rates, which are products of plastic and animal con-
centrations in space and time used to predict ecological risk15.
Current understanding is limited by the unlikely assumption that
all plastics are equally ingestible.

Variables likely to influence the ingestibility of plastic debris
include feeding behaviour (e.g. those of filterers, visual predators,
echolocators), the size distribution of prey items (for predatory
animals), the colour of plastic particles16, the degree of plastic
degradation and the release of odorants and infochemicals (e.g.
dimethyl sulphide)17. Understanding the processes affecting
ingestibility require detailed life history and environmental
information, making general predictions difficult and unpractical.
Body size, however, is a simple metric that can be derived for any
animal with minimal knowledge of its ecology and life history.
Studies of allometry have repeatedly demonstrated the utility of
body size for predicting complex biological characteristics18,19.

Here, we collate a dataset on plastic ingestion by more than
2000 wild animals to generate an ecologically relevant, allometric
relationship estimating the maximum size of plastic that any
animal may ingest, based on an easily acquired metric: body
length. In doing so, we generate information on the specific
fraction of the global plastic pollution load that can be ingested by
animals. This allows risk models of global plastic pollution to
include biological information on the ingestibility of plastics, as
well as established data on the physical co-occurrence of animals
and plastics. Finally, in conjunction with co-occurrence data, we
demonstrate the value of our approach for plastic pollution risk
assessment in the natural environment.

Results
Descriptive power of the allometric relationship. The animal-
plastic size relationship (log10-log10 linear regression; R2= 0.42,
F1,63= 46.06, p= 4.7e−09) presented in Fig. 1 relates the body
length of an animal to the maximum length of plastic it can
ingest; roughly by a ratio of 20:1. The underlying meta-analysis
synthesises more than 2000 gut-content surveys of animals con-
taining plastics. The animals ranged over three orders of mag-
nitude in body length: from the common dragonet fish larvae
(Callionymus lyra, body length: 9.00 mm) to the humpback whale
(Megaptera novaeangliae, body length: 10.34 m). Data on ingested
plastic for individual animals, from the same study, were grouped
according to the lowest possible taxonomic rank (usually species:
91% of records, including one proposed species of fish yet to be

confirmed). This process made the most efficient use of the data
available and provided data points likely to be closer to true
values for an entire taxonomic population, rather than analyses of
individual specimens.

Plastic Size ¼ 100:9341log10 Body Sizeð Þ$1:1200

Records were predominantly for fish (Actinopterygii; 75%), fol-
lowed by mammals (Mammalia; 9%), invertebrates (Polychaeta,
Maxillopoda, Malacostraca, and Mollusca including the Bivalvia,
Gastropoda and Cephalopoda; 11%) and reptiles (Reptilia; 5%).
Species-level data (91% of records) were either for animals in
marine environments only (42%), marine and brackish (25%),
marine, brackish and freshwater (5%), freshwater and brackish
(2%) or freshwater only (23%). No studies of terrestrial animals
met the criteria for inclusion. The maximum reachable depths of
the species-level records in this meta-analysis ranged from 25m
(Chinese mitten crab, Eriocheir sinensis) to 4000 m (humpback
whale, Megaptera novaeangliae). These depth ranges far exceed
the boundaries of current global models of plastic pollution dis-
tribution (Fig. 2).

All data were gathered via necropsy. A mixture of methods were
observed, including the digestion of whole bodies and specific
organs using chemical agents (including KOH, NaOH and H2O2)
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Fig. 1 Allometric relationship between animal size and ingestible plastic
size. a Allometric size relationship (log10-log10 linear regression; R2=
0.42, F1,63= 46.06, p= 4.7e−09), including 99% (light grey) and 95%
(dark grey) CIs, between animal body length (mm) and the longest piece of
ingested plastic (mm) found during gut surveys (longest axis of largest
piece of plastic found). Animal images are for illustration only and are not
to scale. Each data point (n= 65) corresponds to the largest piece of plastic
found within an animal taxon. b Distribution of field studies that provided
data for the allometric relationship. Size of data points in a and b
correspond to the number of individual animal specimens surveyed. Similar
taxa from separate studies are plotted separately.
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摂餌とそれに付随する沈降過程

生物膜成長に伴う沈降

速い遅い
Question
破壊によって、 
どのサイズの破片が 
何個生成されるか？

(e.g., van Sebille et al. 2020)
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マイクロプラスチックのサイズ分布(粒径分布)

マイクロプラスチック

(Isobe et al. 2015)
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Figure 1: Size distribution of microplasitcs around Japan observed by Isobe et al. [23]. The
left panel shows the original size distribution (abundance in each bin) reploted by digitizing
their figure using a software (https://apps.automeris.io/wpd/). The right panel shows the
size spectral density (abundance divided by the bin width), where it is not plotted beyond
10 cm because the values are almost zero.

In addition, the knowledge of fracture mechanics of the marine plastics is still

scarce. Theoretical size distribution model depends on the fracture process supposed.

The aforementioned power law is premised on the collision cascade among objects, as

often applied to the fragmentation of asteroids [14, 15, 42], which does not include any

decrement of the fragments toward a small size in principle. In contrast, supposing a

grain process leads to in many cases a log-normal distribution [12, 29, 31], which has

been applied to grain sands, mastication, or thin-glasss-rods fracture [20, 28, 43]. The

log-normal distribution can reproduce the size distribution skewed to a smaller size

akin to that of the microplastics, but does not have the power law in its large size limit

[8]. The same fracture mechanism would work in the whole size ranges because the

bound between the microplastics and mesoplastics are merely a subjective definition

[4]. At present, only the Weibull distribution [8, 44] is shown to account for the size

distribution continuous from the microplastics to mesoplastics ranges, at least, in the

Cózar et al. [11]’s study, but is no more than an empirical fitting curve in that context.
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[撮影：青木・藤元 (於 かいめい航海)]

冪乗則

サイズの大きい領域は冪乗則
[Cozár et al. 2014]

(Isobe et al. 2015)

http://www.pnas.org/cgi/doi/10.1073/pnas.1314705111
http://dx.doi.org/10.1016/j.marpolbul.2015.10.042


環境場とマイクロプラスチックの生成

Figure 4: Schematic view of system in terms of statistical mechanics.

crush energy:

p(ε) ∝ e−ε/γ, (2)

where γ may be regarded as a representative value of the energy of the natural phenom-

ena. Eq. 2 indicates that a crush event with a large energy are less frequent, consistent

with our usual experience. In the statiscital mechanics, the Boltzmann distribution

provides the probability that the energy of a subsystem surrounded by a heat bath fol-

lows under the conservation of the energies between them. Here, the plastics and the

natural phenomena are regarded as analogous to the subsystem and heat bath, respec-

tively (Fig. 4). Now, the probability takes discrete values due to the discretized form

of the crush energy defined in (1) (Fig. 5). Using (1) and (2), the expected value of the

crush energy, Eν [ε], is thus calculated by
∑∞

j=0 jbν exp [−jbν/γ]/
∑∞

j=0 exp [−jbν/γ],
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“紫外線等によって劣化し、 
          波などの物理的衝撃によって破壊される”

̶̶ マイクロプラスチックの生成についての一般的見解

化学的破壊 
（劣化）

力学的破壊

光・熱・化学物質による 
分子鎖の切断・変色・肌荒れ

外的・内的応力による破断

環境場が誘起する物理的衝撃(波など)

劣化と破壊

物理的衝撃といっても..
・プラスチックの置かれた状況に依る(例. 砂/岩礁) 
・プラスチックの素材や形状に依る

これらに依らないモデリングが必要 一回のサンプリングで得られた様々な種類のプラスチック(於 かいめい航海)



エネルギーという視点

結合エネルギー以上の「力」で物体を切断すること
破壊

表面エネルギー
（破壊に必要な下限として）

破断面

分離

引力と斥力が釣り合う距離

(参考文献)  表面エネルギーと破壊の関係については、例えば、Anderson (2005), 小林 (1993).

今知りたいのはこれ

破壊に必要なエネルギーは、
表面エネルギーで定義できる

http://jamiuni.ir/Download/jozve/T.%20Anderson-Fracture%20Mechanics%20-%20Fundamentals%20and%20Applns.-CRC%20(2005).pdf
https://www.kyoritsu-pub.co.jp/bookdetail/9784320081000


本研究の理論モデル
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[ l : 破断長 ]

(Aoki & Furue 2021, with thx to Barbieri)

(参考文献)  ボルツマン分布や統計力学については、例えば、田崎 (2008).

https://www.gakushuin.ac.jp/~881791/statbook/


S(λ) = A
λ4

1
e1/γ*λ − 1

c. 

log

Aγ*
λ3

A
λ4

1
e1/γ*λ − 1

100 102
log

10-7
10-1

10-5

10-3

10-1

101

S(
λ)

0 1 2 3 4 5

0.1

0.2

0.3

0.4

S(
λ)

0.0

γ* = 0.5

γ* = 0.4

γ* = 0.3

101
Size [mm]

γ* = 0.4

c. 

log

Aγ*
λ3

A
λ4

1
e1/γ*λ − 1

100 102
log

10-7
10-1

10-5

10-3

10-1

101

S(
λ)

0 1 2 3 4 5

0.1

0.2

0.3

0.4

S(
λ)

0.0

γ* = 0.5

γ* = 0.4

γ* = 0.3

101
Size [mm]

γ* = 0.4

1 mm 5 mm

Size [mm]

a. b. 

1bν1

2bν1

3bν1

1bν2

2bν2

3bν2

En
er
gy
 re
qu
ire
d

En
er
gy
 re
qu
ire
d

Smaller sizeLarger size

…

…

(Smaller ν) (Larger ν)
Crush energy

Pr
ob
ab
ilit
y

small γ

large γ

λp
Peak size
proportional to γ*-1

サイズ分布の理論式

•背景エネルギーが大きいほど細かい粉砕が起こる 
•大きいサイズ領域では冪乗則に従う

冪乗則

[γ* = γ/b]

予測



a. b. 

c. d. 

a. b. 

c. d. 

Figure 3: a) Basin-wise size spectral density of microplastics abundance collected by Cózar et al [16]
(their Fig.S6) and that expected from our model. b) Sum of the size spectral densities over the basins
for observation (black dots) and our model (blue curve). Orange curve and black dashed line denote
lognormal distribution and a cube power law, respectively. Gray dots and curve are the same as black
dots and blue curve, respectively, except that the South Atlantic data is excluded. This exclusion is
conducted for the sizes less than 30 mm because of limitation of digitizing the South Atlantic data
from the figure in Cózar et al.

of the plastic fragments in their study is similar to Isobe et al [6, 8, 17] (See Methods). Our

model generally reproduces well the size distribution of each basin although it has some un-

derestimates in the sizes less than 0.5 mm in the South Pacific Ocean, and in the mesoplastic

range in the South Atlantic and North Pacific Oceans (Fig. 3b). Importantly, the model repro-

duces that the size distribution comes to follow the cube power law toward the mesoplastic

range (Blue curve in Fig. 3d). Non-negligible differences between the theory and observa-

tion appear in the tiny size range, but they reduce when the data of the South Atlantic Ocean

are excluded (Gray dots and curves). A large difference in the South Atlantic Ocean might
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•観測値とよく合う 
•観測データによらない 
•全てのサイズ領域をカバー

観測データとの比較

[比較データ：Isobe et al. 2015] [比較データ：Cózar et al. 2014]

日本周辺

世界のゴミパッチ

http://dx.doi.org/10.1016/j.marpolbul.2015.10.042
http://www.pnas.org/cgi/doi/10.1073/pnas.1314705111
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観測データとの比較 世界のゴミパッチ

[比較データ：Pabortsava and Lampitt 2020]

a. b.

c. d.

Fig. E. Size spectral densities of fine microplasitcs for observations (Black bars) and
theories based on the original 2-dimensional plate model (Solid blue) and 3-dimensional
model (Dashed blue). See Methods for conversion from histogram into size spectrum for
the observed data. The observed data are obtained by digitizing the published original
figures with WebPlotDigitizer (see the Materials and Methods section), except that the
size distribution in a is constructed from the fragment size data. Pabortsava and
Lampitt [54] plot their data separately for a few depth ranges and polymer types. We
have downloaded their data and merged all the data without any weights to construct
the spectrum. The spectrum is normalized by the total abundance N. The sizes of the
collected fragments for b and c are defined as geometric mean (see “Observed data” in
this Appendix).
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大西洋の亜表層

[比較データ：Cózar et al. 2014]

https://www.nature.com/articles/s41467-020-17932-9
http://www.pnas.org/cgi/doi/10.1073/pnas.1314705111


破壊過程を組み込んだ分散シミュレーションの可能性
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理論の拡張可能性～表面エネルギーのサイズ依存性

カ
ル
ボ
ニ
ル 

イ
ン
デ
ッ
ク
ス

50µm

1.0

0 浸透深さ

プラスチック材料

発
展

RH R・＋ H・
光・熱

O2 O2

光

表面積
体積 粒径

１～

原理① 細かな粉砕ほど大きなエネルギーを
要する

ε ∝ b/λ

(ただし、表面エネルギーが一定ならば)

b = b(λ)

[ b: 表面エネルギー，λ: サイズ ]

劣化による結合エネルギーの低下

最終的に分子鎖が断ち切られる
（カルボニル基の生成）

劣化は材料表面(露出面)から進行する

を考慮すると、粒径の小さいものほど劣化の影響は大きい？

表面エネルギーを表す変数はサイズ依存すべき？
小さい粒子の方が体積当たりの
表面積の割合が大きい

(e.g., 角岡 1995, Andrady 2015)

(Gulmine et al 2003を基に作成)

https://doi.org/10.2324/gomu.68.274
https://link.springer.com/chapter/10.1007/978-3-319-16510-3_3
https://doi.org/10.1016/S0141-3910(02)00338-5
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Solution of the Fokker–Planck equation
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initial radius distribution - gaussian (<r>=1; var.=0.1)
frequency=100 Hz
non-dimensional times: 0; 1.1; 3.3; 4.4; 6.6; 7.7

Figure 1. Size distributions computed by direct modelling of the evolution equation with presumed Gaussian spectrum of breakup intensity,
q(α), (on the left side) and by analytical solution of Fokker–Planck equation with 〈ln α〉 and 〈ln2 α〉 taken from presumed q(α).

Applying (20) to equation (6) gives the following differential
form of that equation:

∂f (r)

∂t
=

[
− 〈ln α〉

1!
∂

∂r
r +

〈ln2 α〉
2!

∂

∂r
r

∂

∂r
r

−〈ln3 α〉
3!

∂

∂r
r

∂

∂r
r

∂

∂r
r + · · ·

]
νf (r). (21)

The distribution (13), which describes the relaxation process
at large times, depends solely on the first two logarithmic
moments, 〈ln α〉 and 〈ln2 α〉. This implies that, although each
of the terms on the right-hand side of (21) with 〈lnk α〉, and
k > 2 might be significant, setting them to zero will not
change the long time asymptotic of the solution. Therefore, at
large times, equation (21) reduces exactly to the Fokker–Planck
equation:

∂f (r)

∂t
=

[
−〈ln α〉

1!
∂

∂r
r +

〈ln2 α〉
2!

∂

∂r
r

∂

∂r
r

]
νf (r), (22)

and accordingly, for x = ln r and $(x) = rf (r), to

∂$(x)

∂t
=

[
− ∂

∂x
〈ln α〉 +

1
2!

∂2

∂x2
〈ln2 α〉

]
ν$(x). (23)

In equations (21)–(23), the differential operator acts from the
left on all r-dependent functions. The solution of (22) is
given by

f (r, t) = 1
r

∫ ∞

0

1
√

2π〈ln2 α〉νt

× exp




−

(
ln

r0

r
+ 〈ln α〉νt

)2

2〈ln2 α〉νt




f0(r0) dr0, (24)

where f0(r0) is the initial distribution.

When q(α) is assumed, the analytical solution (24)
of the Fokker–Planck equation can be compared with the
Monte Carlo simulation of the evolution equation (6). The
simulation was done by storing a sample path {ri =
αi ri−1, τi |i = 1, 2, . . . M} of each from N breaking
particles, where the lifetime between two breakups: τi =
−ν−1 ln ξi and ξi is a random number generated by uniform
distribution in the range from zero to one, αi is sampled
from the assumed probability distribution q(α). The
distribution function f (r, t = tk) was determined by finding
those particles for which the number of fragmentation events
m is such that

∑m−1
i τi ! tk <

∑m
i τi . Figure 1 displays an

example of comparison of the analytical solution (24) of the
Fokker–Planck equation with the Monte Carlo simulation of
the evolution equation (6). On the left side of this figure,
the distributions obtained from a Monte Carlo simulation are
shown at different dimensionless times νt and 〈ln α〉 = −0.36,
〈ln2 α〉 = 0.14 with q(α) assumed to be Gaussian. The
same moments were prescribed in equation (24) to compute
the evolution of distribution by Fokker–Planck equation (from
the right side of figure 1). It is seen that, at νt = 1.1 and
later, solution (24) matches the Monte Carlo simulation of
equation (6). We compared the solutions for different q(α)

shapes. The results show that simulated distributions on large
times and the solutions of the Fokker–Planck equation are
practically the same.

5. Second universality, fractals and the Boltzman
distribution; identification of 〈ln2 α〉/〈ln α〉

The power law (17) implies that, as time tends to infinity, the
size distribution of the generated particles becomes fractal.
Setting x = ln r in equation (17) yields

$(x) = r · f (r, t) ∼
t→∞

e−x/h, (25)
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「外的要因」と「素材の要因」で決まる

「環境場エネルギー」と「表面エネルギー」と、どう関係づけらえるか？
γ b(λ)

(e.g., Ziff & McGrady, 1985; Cheng & Render 1990)

(Gorokhovski & Seveliev 2008)

破壊の速度論

(Gorokhovski & Seveliev 2008)

https://doi.org/10.1088/0305-4470/18/15/026
https://doi.org/10.1088/0305-4470/23/7/028
http://dx.doi.org/10.1088/0022-3727/41/8/085405
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～ まとめ ～
破壊は海洋プラスチック問題のミッシングピース 

本研究では、《破壊エネルギー》とプラスチック片のサイズ分布を対応づけた物理モデルを提案 

これと分散シミュレーションを併せた包括的な予測には次の課題がある： 

✓ 波などが持つ《環境場エネルギー》と《破壊エネルギー》の関係を解明 

✓「破壊されるプラスチックの割合」と「破片の海への流出率」を浜ごとに同定 

破壊の物理モデルの改良および一般化も課題： 

✓ 素材ごとの劣化特性やそのサイズ依存性の分析とモデル化 

✓ 本モデルと速度論(経時変化)との関係性の明確化 

✓ 実験や数値シミュレーションによる裏付けも必要

海洋プラスチック 
の破壊モデル

破壊理論一般の更新

海洋プラスチック 
問題の検討


