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Fig.5.1 Comparisons of root surface phosphatase activity of wheat plants for
Control (CK), exclusively chemical fertilizer (CF), combined application of
chemical fertilizer and wheat straw (CS), and farmyard manure (CM)
treatments. Error bars represent the standard error of the mean for each
treatment.
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Fig. 5.2 Root surface phosphatase activity of wheat plants differed after soil
amendment with different fertilizer treatments. Phosphatase activity was highest
in farmyard manure (A) treatments followed by combined application of
chemical fertilizer and wheat straw (m), chemical fertilizer alone (o), and
control/no amendment (©) treatments. Phosphatase activity declined over 5
weeks for all treatments. Least significant difference (LSD; two- way ANOVA,
P #0.05) is 0.39 mg/g/h.
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Table 5.2. Soil test K and mineralogy of soils (SD=Standard Deviation).

mg K kg soil
Soil Clay (g kg Iy Sile (g kg Iy WS CaCls NaTPB
1 380 200 10 41 480
2 535 265 il 162 1208
3 410 230 15 57 583
4 434 205 19 70 652
5 485 235 27 100 932
f 610 282 50 290 1730
7 360 190 f 34 360
8 440 235 20 87 723
Mean 456.8 230.3 22.3 105.1 833.5
SD (+) 83.4 319 13.9 84.9 448.9
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Table 5.3 Soil texture correlates with K concentration determined using three
extraction methods: WS=Water Soluble, CaCl,=Calcium Chloride,
NaTPB=Sodium Tetraphenyl Boron (SD=Standard Deviation).

mg K kg ' soil
Soil Clay (g kg ") Silt (g kg ") WS CaCl, NaTPB
7 360 190 6 34 360
1 380 200 10 41 480
3 410 230 15 57 583
+ 434 205 19 70 652
8 440 235 20 87 723
5 485 235 27 100 932
2 535 265 31 162 1208
6 610 282 50 290 1730
Mean 457 230 22 105 834
SD (+) 83 32 14 85 449
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[ digure legends), i <y @b i #.0 St ] @

Britton-Simmons and = sSaelandd oads 4 oKe,K any Sl g s ge,lea o
JKes dny SSaae e s esaiisse Kaiser et al. (2003) ;Abbott (2008)
gl Sl Is £.0 pads o oS S 5ok s olaatiasy

Number of Sargassum muticum (a) recruits and (b) adults in field experiment plots
(900cm2). Propagule pressure is grams of reproductive tissue suspended over
experimental plots at beginning of experiment. The average mass of an adult S.
muticum (174 g) is indicated by an arrow. Data are means +1 SE (n 14 3). (from
Britton-Simmons & Abbott 2008, Figure 1)

Uptake of Fe(ll) by GmDmtl in yeast.
(@) Influx of 55Fe?" into yeast cells transformed with GmDmt1;1, fet3fetdcells were
transformed with GmDmt1;1-pFL61 or pFL61 and then incubated with 1mM
55FeCI3(pH 5.5) for 5- and 10-min periods. Data presented are means + SE of 55Fe
uptake between 5 and 10min from three separate experiments (each performed in
triplicate).

(b) Concentration dependence of Fe influx into fet3fet4 cells transformed with
GmDmt1;1-pFL61 or pFL61. Data presented are means + SE of 55Fe uptake to over 5
min (n 1/43). The curve was obtained by direct fit to the Michaelis-Menten equation.
Estimated Ky and Vmax for GmDmt1;1 were 6.4 + 1.1 mM Fe(ll) and 0.72 + 0.08 nM
Fe(111) mintmg™ protein, respectively.

(c) Effect of other divalent cations on uptake of 55Fe?* into fet3fet4cells trans- formed
with pFL61-GmDMT1;1. Data presented are means + SE of **Fe (10mM) uptake over
10 min in the presence and absence of 100mM unlabelled Fe?*, Cu?*, Zn** and Mn?",
(from Kaiser et al. 2003, Figure 5)
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e Measurements of root length density (Figure 3) revealed that the majority
of roots of both cultivars were found in the upper substrate layers.
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e The response of lucerne root growth to manganese rate and depth
treatments was similar to that of shoots (Figure 2).

sk o Ay Ol g i 32 A g gl
e Figure 17 shows the average number of visits per bird.
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The effect of urea concentration on the fed leaf and shoot growth
subterranean clover is summarised in Table 1.
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Antibodies were raised in rabbits against the N-terminal 73 amino acids of GmDmt1;1 (Figure
1c). This antiserum was used in Western blot analysis of 4-week-old total soluble nodule
proteins, nodule microsomes, PBS proteins and PBM, isolated from purified symbiolsomes. The
anti GmDMT1 antiserum_identified a 67-kDa protein on the PBM-enriched nodule protein
fraction (Figure 3a,( but did not cross-react with soluble nodule proteins, PBS proteins or
nodule microsomes (Figure 3a). Replicate Western blots incubated with pre-immune serum
(Figure 3b) did not cross-react with the soybean nodule tissue examined.
The protein identified on the PBM-enriched protein fraction is approximately 10kDa larger
than that predicted by the amino acid sequence of GmDmtl. The increase in size may
be related to extensive post-translational modification (e.g. glycosylation) of GmDmt1,
as it occurs in other systems. (Kaiser et al. 2003)
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To generate an antibody to GmDmt1;1, a 236-bp DNA fragment coding for 70
N-terminal amino acids was amplified using the PCR, . ..
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The disturbance treatment had two levels: control and disturbed. Control plots
were...
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+ active verb + object + complement

We used simulation to evaluate
modeling interactions
between soil

- A water and crop
’ \ yield.

subject + passive verb + + complement

Simulation was used (by the researchers) to evaluate

modeling interactions
between soil
water and crop
yield.
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The researchers collected the data from all sites weekly.
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We calculated least significances (l.s.d.) to compare means.
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Least significant differences (LSD) were calculated to compare means.
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We used [ACTIVE] the results of these analyses to inform the construction of
mechanistic candidate functions for the relationship between propagule input,
space availability and recruitment. These candidate functions were compared
[PASSIVE] using differences in the Akaike information criteria (AIC
differences; Burnham andAnderson 2002). We then used model averaging
[ACTIVE]. ... (Britton-Simmons & Abbott 2008, p. 137)
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X Wheat and barley, collected from the Virginia filed site, as well as sorghum
and millet, collected at Loxton, were used.
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\ Four cereals were used: wheat and barley, collected from the Virginia field
site; and sorghum and millet, collected at Loxtan.
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Original sentence Possible abbreviation

The data were collected and they were  The data were collected and analysed
analysed using . . . using . ..

The data were collected and The data were collected and
correlations were calculated . . . correlations calculated . . .

The data which were collected were The data collected were analysed using
analysed using . . .
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Actual evapotranspiration (T) for each crop, defined as the amount of
precipitation for the period between sowing and harvesting the particular
crop plus or minus the change in soil water storage in the 2m soil profile, was

computed by the soil water balance equation (Xin, 1986; Zhu and Niu, 1987).
From Li et al (2000)
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““Use of in situ 15N-Iabelling to estimate the total below-ground nitrogen of
pasture legumes in intact soil-plant systems’’ (McNeill et al. 1997).

Extract Stage

Current estimates of the below-ground production of N | Stage 1

by pasture legumes are scarce and rely mainly on data | Stage 3in “‘scarce’’
from harvested macro-roots (Burton 1976; Reeves 1984) | and “‘little

with little account taken of fine root material or soluble | account

root N leached by root washing. Sampling to obtain the
entire root biomass is extremely difficult (Sauerbeck and
Johnenl1977) since many roots, particularly those of
pasture species (Ellis and Barnes 1973), are fragile and | Stage 1
too fine to be recovered by wet sieving. Furthermore, the
interface between the root and the soil is not easy to
determine and legume derived N will exist not only as
live intact root but in a variety of other forms, often
termed rhizodeposits (Whipps 1990).

An approach is accordingly required which enables in situ
labelling of N in the legume root system under
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Stage 3 (broad gap)




undisturbed conditions coupled with subsequent recovery
and measurement of that
legume N in all of the inter-related below-ground
fractions.

Sophisticated techniques exist to label roots with 19N via
exposure of shoots to an atmosphere containing labelled
NH3 (Porter et al. 1972; Janzen and Bruinsma 1989) but

such techniques would not be suitable for labelling a
pasture legume within a mixed sward. Labelled N2

atmospheres (Warembourg et al. 1982; McNeill et al.
1994) have been used to label specifically the legume
component of a mixed sward via N2 fixation in nodules.
However, these techniques require complex and
expensive enclosure equipment, which limits replication
and cannot be easily applied to field situations;
furthermore, non-symbiotic N2 fixation of label may

occur in some soils and complicate the interpretation of
fate of below-ground legume N.

The split-root technique has also been used to introduce

15N directly into plants by exposing one isolated portion
of the

root system to 15N either in solution or soil (Sawatsky
and Soper 1991; Jensen 1996), but this necessitates some
degree of disturbance of the natural system. Foliar
feeding does not disturb the system and has the additional
advantage that shoots tolerate higher concentrations of N
than roots (Wittwer et al. 1963). Spray application of

15N-labelled urea has been successfully used to label
legumes in situ under field conditions (Zebarth et al.

1991) but runoff of N -labelled solutions from foliage to
the soil will complicate interpretation of root-soil
dynamics. Russell and Fillery (1996), using a stem-

feeding technique, have shown that in situ 15N—Iabelling
of lupin plants growing in soil cores enabled total below-
ground N to be estimated under relatively undisturbed
conditions, but they indicated that the technique was not
adaptable to all plants, particularly pasture species.
Feeding of individual leaves with a solution containing

Stage 2
Stage 3

Stage 2

Stage 3

Stage 2

Stage 3

Stage 2

Stage 3

Stage 2

Stage 3

Stage 2
(Stage 3 implicit in
“‘potential’”)

Stage 4 (aims of the
present study)
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®N is a technique that has been widely used for
physiological studies in wheat (Palta et al. 1991) and
legumes (Oghoghorie and Pate 1972;
Pate 1973). The potential of the technique for
Investigating soil-
plant N dynamics was noted as long as 10 years ago by
Ledgard

et al. (1985) following the use of ®N leaf-feeding in a
study of
N transfer from legume to associated grass. The
experiments

reported here were designed (i) to assess the use of a
simple

®N leaf-feeding technique specifically to label in situ the
roots

of subterranean clover and serradella growing in soil, and
(i) to obtain quantitative estimates of total below-ground
N accretion by these pasture legumes.
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Shrinking markets are also evident in other areas. *The wool industry is
experiencing difficulties related to falling demand worldwide since the

development of high-quality synthetic fibres (Smith 2000).
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Author prominent citation style 1

Shrinking markets are also evident in other areas. As Smith (2000) pointed out,
the

wool industry is experiencing difficulties related to falling demand worldwide
since

the development of high-quality synthetic fibres.
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or Author prominent citation style 2

Shrinking markets are also evident in other areas. Smith (2000) argued that the

wool industry was experiencing difficulties related to falling demand worldwide
since the development of high-quality synthetic fibres. However, Jones et al.

(2004) found that industry difficulties were more related to quality of supply

than to demand issues. It is clear that considerable disagreement exists about the
underlying sources of these problems.
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or Weak author prominent citation
or Weak author prominent citation
Several authors have reported that the wool industry is experiencing difficulties

related to falling demand since the development of high-quality synthetic fibres
(Smith 2000,Wilson 2003,Nguyen 2005).Forexample, Smith(2000) highlighted
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[Authors], using [NP1], have shown that [NP2] enabled [NP3] to be estimated

under[adjective] conditions, but they indicated that the technique was not
adaptable to all[NP4], particularly [ NP5].
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e However, understanding how these processes interact to regulate
invasions remains a major challenge in ecology.

e Despite its acknowledged importance, propagule pressure has rarely been
manipulated experimentally and the interaction of propagule pressure
with other processes that regulate invasion success is not well understood.

e |t is presently unclear how different disturbance agents influence long-
term patterns of invasion.
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however, remains a major challenge, rarely, not well understood, and presently
unclear
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A key to effective scientific and technical communication in English is to set up
expectations in your reader’s mind, and then meet these expectations as soon as

possible.
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1Pleuropneumonia (APP) can present as a dramatic clinical disease or as a
chronic, production limiting disease in pig herds.2A sudden increase in the
number of sick and coughing pigs and a sharp rise in mortalities among
grower/finisher pigs may herald an outbreak of APP in a herd. 30n the other
hand, signs may be limited to a drop in growth rate and an increase in grade two
pleurisy lesions in slaughter pigs.4The disease surfaced in the Australian pig
population during the first half of the 1980s and ten years later was regarded as
one of the most costly and devastating diseases affecting the Australian pig
industry.

S VVA So8 (S odas’

‘d 45 60\54_;‘ \950\5 c‘ls@‘;b‘v)‘i;i 6‘:‘0‘)4.1.51 \5.3 b\}ﬁé)\}‘\}iﬂ ‘10)‘\9% 64:\4.;1‘) J‘lg‘l_;\ ‘Cﬁ‘bd J:\.A.tll_.’
(5548500 SIS, B gl S TolSedy o (uS sas (LIS, 8 Suaiea ol SSla 6 g0 55

Pleuropneumonia (APP) surfaced in the Australian pig population during the
first half of the 1980s and ten years later was regarded as one of the most costly
and devastating diseases affecting the Australian pig industry. It can present as a
dramatic clinical disease or as a chronic, production limiting disease in pig
herds. A sudden increase in the number of sick and coughing pigs and a sharp
rise in mortalities among grower/finisher pigs may herald an outbreak of APP in
a herd. On the other hand, signs may be limited to a drop in growth rate and an
increase in grade two pleurisy lesions in slaughter pigs.
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Version A ! Clay particles have surface areas which are many orders of
magnitude greater than silt or sand sized particles.?The ability of soils to shrink
when dried is controlled by the interactions of these clay surfaces with water
and exchangeable cations.

Version B ' Clay particles have surface areas which are many orders of
magnitude greater than silt or sand sized particles. ? The interactions of these
clay surfaces with water and exchangeable cations control the ability of soils to
shrink when dried.
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An outbreak of APP in a herd may be heralded by a sudden increase in the

number of sick and coughing pigs and a sharp rise in mortalities among
grower/finisher pigs.
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The definition of seed quality is very broad and encompasses different
components for different people.2The quality and quantity of flour protein,

dough mixing requirements and tolerance, dough handling properties and loaf
volume potential are quality parameters of wheat seed for bread bakers.
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Edited version A 'The definition of seed quality is very broad and encompasses
different components for different people.? Quality parameters of wheat seed for
bread bakers are the quality and quantity of flour protein, dough mixing

requirements and tolerance, dough handling properties and loaf volume
potential.

Edited version B The definition of seed quality is very broad and encompasses
different components for different people.?For bread bakers, quality parameters
of wheat seed are the quality and quantity of flour protein, dough mixing
requirements and tolerance, dough handling properties and loaf volume
potential.
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Question Kaiser et al. Britton-
(2003) Simmons and
Abbott (2008)

*Are some sentences written in the

present tense? How many?

*Are some sentences written in the

present perfect tense? How many?

*Which tense is used more? Why do you

think this is the case?

*How many sentences contain

references?

*What kinds of sentences do not have
references?
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Legumes form symbiotic associations with N2-fixing soil-borne bacteria
of the Rhizobium family. The symbiosis begins when compatible bacteria
invade legume root hairs, signalling the division of inner cortical root cells
and the formation of a nodule. Invading bacteria migrate to the developing
nodule by way of an ‘infection thread’, comprised of an invaginated cell
wall. In the inner cortex, bacteria are released into the cell cytosol,
enveloped in a modified plasma membrane (the peribacteroid membrane
(PBM), to form an organelle-like struc- ture called the symbiosome, which
consists of bacteroid, PBM and the intervening peribacteroid space (PBS;
Whitehead and Day,1997). The bacteria, subsequently, differentiate into
the Ny-fixing bacteroid form. The symbiosis allows the access of legumes
to atmospheric N2, which is reduced to NH4" by the bacteroid enzyme
nitrogenase. In exchange for reduced N, the plant provides carbon to the
nodules to support bacterial respiration, a low-oxygen environment in the
nodule suitable for bacteroid nitrogenase activity, and all the essential
nutritional elements necessary for bacteroid activity. Consequently,
nutrient transport across the PBM is an important control mechanism in
the promotion and regulation of the symbiosis .
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Table 8.3 Use of different citation styles in a segment of the Introduction from

McNeill et al (1997).
Introduction text

Foliar feeding does not disturb the system and has the
additional advantage that shoots tolerate higher
concentrations of N than roots (Wittwer et al. 1963).
Spray application of 15N-labelled urea has been
successfully used to label legumes in situ under field
conditions (Zebarth et al. 1991) but runoff of 15N-
labelled solutions from foliage to the soil will
complicate interpretation of root-soil dynamics. Russell
and Fillery (1996), using a stem-feeding technique, have
shown that in situ 15N-labelling of lupin plants growing
in soil cores enabled total below-ground N to be
estimated under relatively undisturbed conditions, but
they indicated that the technique was not adaptable to all
plants, particularly pasture species. Feeding of
individual leaves with a solution containing 15N is a
technique that has been widely used for physiological
studies in wheat (Palta et al. 1991) and legumes
(Oghoghorie and Pate 1972; Pate 1973). The potential of
the technique for investigating soil-plant N dynamics
was noted as long as 10 years ago by Ledgard et al.
(1985) following the use of 15N leaf-feeding in a study
of N transfer from legume to associated grass.
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Citation style

Information
prominent

Information
prominent

Writer’s evaluation
statement

Author prominent

Information
prominent

Author prominent,
but using the passive
voice so that the link
(technique) can
come first in the
sentence as old
information.
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Version 1 Russell and Fillery (1996), using a stem-feeding technique, have shown that in
situ 15N-labelling of lupin plants growing in soil cores enabled total below- ground N to be
estimated under relatively undisturbed conditions, but they indicated that the technique was
not adaptable to all plants, particularly pasture species.
Version 2 Russell and Fillery (1996), using a stem-feeding technique, have shown that in
situ 15N-labelling of lupin plants growing in soil cores enabled total below- ground N to be
estimated under relatively undisturbed conditions. However, this technique is not adaptable

to all plants, particularly pasture species.
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1 Propagule pressure is widely recognized as an important factor that influ-
ences invasion success (MacDonald et al. 1989; Simberloff 1989;
Williamson 1996; Lonsdale 1999; Cassey et al. 2005).
2 Two classes of putative Fe(ll)-transport proteins (Irt/Zip and Dmt/Nramp)
have been identified in plants (Belouchi et al., 1997; Curie et al., 2000; Eide
et al., 1996; Thomine et al., 2000).
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Pleuropneumonia (APP) surfaced in the Australian pig population during the
first half of the 1980s and ten years later was regarded as one of the most
costly and devastating diseases affecting the Australian pig industry. It can
present as a dramatic clinical disease or as a chronic, production limiting
disease in pig herds. A sudden increase in the number of sick and coughing
pigs and a sharp rise in mortalities among grower/finisher pigs may herald an
outbreak of APP in a herd. On the other hand, signs may be limited to a drop
in growth rate and an increase in grade two pleurisy lesions in slaughter pigs.

K s 35t S SKGY sy JE U meSase

71



[ M, G (sogispliy WA Ja ] ,

/C—@‘Lﬁ d obsa SOl 5 Ol OLaSw e € w5 ssesla Blu) B Gy e“j\
Soosi S sadl lalie e sty Gaoa 55 52
In this project the Rhizoctonia populations of two field soils in the Adelaide Plains region of
South Australia were characterised.

1. A balance between deep and shallow rooting plants, heavy and light feeders, nitrogen
fixers and consumers and an undisturbed phase is needed to achieve maximum

benefit through rotation.
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Our experimental | demonstrate | that space- and regulate S. muticum
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limitation both

75




lgSsuiS s sy d le) (SLua,SG o GuolSda d asggs (stgsad YA (sGda

Subject of main Main ‘That” plus | Verb from Rest of
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‘“that’’ clause clause
These results indicate | that S. muticum will be by the
recruitment determined | interaction
under natural between

field conditions

disturbance
and propagule
input.
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Subject of main Main ‘That”’ plus Verb Rest of
verb verb subject of from sentence
““that’’ clause ““‘that”
clause
it appears | that GmDmt1;1 has the capacity to
function in

Vvivo as either
an uptake or an
efflux
mechanism in
symbiosomes.
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an IRE motif MRNA stabilized of IRPs in
soybean

nodules when
free iron levels
are low.
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The Managing Editor
Australian Journal of Botany
Address.....................
Dear Dr Brown,

Please find attached the manuscript “Arbuscular mycorrhizal associations of the
southern Simpson Desert”. This manuscript examines the mycorrhizal status of
plants growing on the different soils of the dune-swale systems of the Simpson
Desert. There have been few studies of the ecology of the plants in this desert
and little is known about how mycorrhizal associations are distributed amongst
the desert plants of Australia. We report the arbuscular mycorrhizal status of 47
plant species for the first time. The manuscript has been prepared according to
the journals Instructions for Authors. We believe that this new work is within
the scope of your journal and hope that you will consider this manuscript for
publication in the Australian Journal of Botany.

We await your response and the comments of reviewers.

Yours sincerely,
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Referee’s Evaluation Form

General questions Heviewer number:
1. Is the contribution new? OYes O No
2. Is the contribution significant? OY%es O Mo
3. Is it suitable for publicaticn in the Joumal? OYes O Mo
4. |s the organization acceptable? O%es [0 Mo
5. Do the methods and the treatment of results conform
to acceptable scientific standards? OYes O No
6. Are all conclusions firmly based in the data presented? OYes [0 No
7. Is the length of the paper satisfactory? OYes O No
8. Are all illustraticns required? OYes O No
5. Are all the figures and tables necessary? OY%es [0 Mo
10. Are figure legends and table fitles adequate? OYes O Mo
11. Do the title and absiract clearly indicate the content
of the paper? O%es O Mo
12. Are the references up to date, complete, and the journal
titles correctly abbreviated? OYes O No

13. Is the paper excellent, good, or poor? 0O Excellent O Good O Poor
Flease use a separate sheet for your comments.

Recommendation

O Acceptwithout alteration

O Accept after minor revision

O Review again after major revision
O Reject

Reviewer's signature: Date of review:
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Dear Dr Brown,

The paper describes.... . This is a topic which would benefit from additional
work such as that described in the manuscript. However, a major concern with
the paper is the interpretation and referencing of the literature in the
Introduction and Discussion. Related to this is a lack of integration with
previous work to explain aspects of the Methods. Thepaper needs re-
interpretation after a thorough investigation of the literature. | recommend that
the paper in its current form be rejected but believe that it may be suitable for
your journal after major revision.

Introduction
The Introduction has incorrectly cited [Brown et al. (1981)] who actually
showed that......

Methods

Factors relevant to the choice of Methods are: 1) how old were the
cultures that were used? 2) Does the age of the culture material affect the
results?

Results
The main claim by the authors that their Results showed that... is not
correct. Their statement that the results show... needs correction.

Discussion
Relevant references seem to have been overlooked in both the Introduction and
Discussion sections, including...

Other queries and suggestions are pencilled on the manuscript.
Yours sincerely,
CD Smith
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Reason for rejection Response option 1 Response option 2

The content of the paper  The editor will have If the manuscript has been
may not fit the scope of  made this decision reviewed, use the referee

the journal (this could (usually before it has is reports following Rules
mean it is too been reviewed) and  of thumb 2 and 3 in
specialized, focused on  itis usually section 14.1 and submit it
the wrong subject area or necessary to revise  to a more appropriate

not of enough general the manuscript and  journal (check your list of
interest for the journal’s  submititto amore  preferred journals; see
readership). journal appropriate  Table 12.1).

(check your list of
Preferred journals;
see Table 12.1).

There are clear and The editor may have

obvious flaws in the made this decision

science. before review.
Revise the

manuscript using the
author response

The language or guide
structure of the (Table 14.2) and try
manuscript is poor and it to publish the best
could not be sent to parts.
referees. The editor may have
made this decision If resubmission is not
before review. encouraged, revise the
Revise the manuscript using the
manuscript using referee’s reports following
High-ranking journals the author response  Rules of thumb 2 and 3
need to reject a high guide (Table 14.2) (section 14.1) and submit
proportion of submitted  and resubmit or it to the next journal on
manuscripts even if the  submit the your list (see Table 12.1).
reviews are mostly) manuscript to
positive. another journal.

Examine the editor’s

letter and determine  Revise and resubmit or

whether there isany  submit to a new journal.

encouragement to Clarify any issues which

resubmit a revised have caused problems by

manuscript (e.g. revising the text. If
Referees may not have ‘‘revise and resubmit resubmitting to the same
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read or understood the
paper thoroughly enough
to appreciate it.
Recommendations from
the referee to the editor
may not be clear or may
have been
misinterpreted.
Something may have
annoyed the

referee: they are
unpredictable and can be
helpful or (sometimes)
unhelpful.

If thereis, .(". ..
revise and resubmit
following Rules of
thumb 2 and 3
(section 14.1).

You can appeal to
the editor, although
this is

unlikely to be
successful unless a
major error of
judgment has been
made by the referee

or editor. It is always

wise to make the
uncontroversial
changes

recommended before

appealing,
resubmitting, or
submitting to a
different journal.

journal,

make note in your letter to
the editor of any
misunderstanding, any
supportive comments
from referees, and the
Improvements you have
made to the manuscript.
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From: Dr AB Brown,
Editor, Journal of...
Dear Dr Zhu,

I enclose the referees’ reports on your paper entitled .... The referees agree that
the paper contains much good material. However, they have recommended that
it needs considerable revision before it can be published. In particular, I draw to
your attention the following comments by the referees.

Referee 1:

« The Methods section does not give sufficient information, particularly about
the sampling methods used.

» The results in Tables 1 and 2 are closely related and can be combined into a
single table.

» The conclusion that there is a strong positive correlation between the number
of organisms and soil salinity needs a stronger statistical basis.

» The results in Figure 3 are very preliminary - this really requires another
survey. If this is not possible, the Figure should be deleted.

Referee 2:

 There are inadequacies in the Methods section, as indicated on the typescript.
« The Discussion is not well focused and does not include some important
relevant publications, e.g. Jones et al. (2000). “........ > in the Journal of ...

« The conclusion is interesting but can be greatly strengthened. In particular,
the findings are different from those of Walter et al. (1997) in the Journal of...,
a study done in the USA. The work in your paper is in fact the first study of its
kind outside Europe and North America and this should be highlighted.
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There are other comments in the enclosed reports, and some corrections have
been made to the English on the typescripts. If you can revise the paper along
the lines suggested and resubmit by ... then I will consider its acceptability for
publication in the Journal without further reference to referees.

However, additional refereeing may be necessary.
| look forward to hearing from you.

Yours sincerely,
AB Brown
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To: Dr AB Brown,
Editor, Journal of................. )

Authors.....ooveeei i,
Dear Dr Brown,

Thank you for your letter accepting the manuscript entitled ... pending revision.
We have made all the changes you suggested in your letter and address all the
comments of the two reviewers in the notes below.

We have also attended to the formatting and language of the manuscript according
to your suggestions. Please note that reviewer comments are shown in bold type
and our responses in plain type.

We note that there was some disagreement between the reviewers about the
usefulness of the section of manuscript on ‘observer effects’ and that only
Reviewer #1 recommended that this section be dropped. We are concerned that
omitting this section might contribute to a lack of transparency and repeatability.
It is critical to deal with it, because without it our key result would be confounded.
Also, in discussions with colleagues on this topic, observer effects are invariably a
subject of keen interest, and we believe readers would be frustrated to have our
approach to dealing with it relegated to a brief reference. We have made some
minor changes to the ‘observer effects’ section to shorten it. We would be willing
to make further changes if you felt them necessary and would be grateful for your
advice on the matter
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Response to comments by Referee #1

1. Survey site markers in Fig 2 are too small.

Survey site markers have been increased in size.

2. How were an(X) and bn(x) computed? If they were computed
Empirically this should be stated in the text.

Yes, an(x) and b,(x) were computed empirically. The relevant section now

reads: “The quantities an(X) and by(x) were derived empirically, by calculating,
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for each visit and both survey types, the proportion of patches in which x
species had been seen by visit in. For example, after three different day
surveys, there were eight patches in which 17 species had been discovered, so
a3(17)=8/38=0.21.”

3. The notation in the equations is very complex and as this paper may be
of interest to practitioners it would be better to reduce the use of symbols
in Equations (1)—(7).

The notation of Equations (1)—(7) comes from another paper, so must be left
as is. However, we have eliminated the use of B in reference to statistical
power, and just used the word ‘power’ instead.

Response to comments by Referee # 2
All suggested corrections made by Referee #2 have been made in the text.

We believe the paper is now acceptable for publication and look forward to
your response to the changes we have made.

Yours sincerely,
Dr Zhu
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Criterion Reviewer’s
comments

1. Does the title reflect accurately the content of the paper?

2. Are the significant words in the title near the beginning to
catch a reader’s attention?

3. Does the Introduction begin with the big issue of
topical/scientific interest and then narrow down to the specific
topic of the paper?

4. Does the Introduction locate the study effectively within the
recent international literature in the field?

5. Does the Introduction highlight a gap that the research fills, or
present a need to extend knowledge in a particular area? (Does it
say why the work was done?)
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6. Does the Introduction end with a clear statement of the
aim/hypothesis of the research, or summarize the main activity
of the paper (depending on the field and relevant journal
conventions)?

7. Are the methods, including statistical analysis, appropriate for
the questions addressed and the study conducted?

8. Are the materials and methods given in enough detail to
convince a reader of the credibility of the results?

9. Do the results provide answers to the questions raised in the
Introduction, or fulfil the objectives given?

10. Are the results presented in a logical order (either similar to
the order of presenting the aims or methods, or similar to the
order in which the Discussion is presented ).

11. Are all the tables and figures needed to tell the story of the
paper? Could any be combined or deleted?

12. Do all the tables and figures stand alone? (i.e. can readers
understand them without going back to read the text of the
paper?)

13. Does the Discussion begin with a reference to the original
aim/hypothesis/question?

14. Are the results compared with other relevant findings from
the literature? Are you aware of any other comparisons that
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15. Are appropriate statements made about the wider
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implications for practice and/or future research directions?

16. Does the paper end with an appropriate concluding
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17. Is the list of references complete (all the works in the list are
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Functional analysis in yeast
Discussion
GmDmt1;1 can transport ferrous iron
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Localisation and function of GmDmt1;1
Regulation of GmDmt1;1 expression
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Plant growth
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Northern analysis
Antibody generation and Western immunoblot analysis
Symbiosome isolation and nodule membrane purification
Functional expression in yeast
Acknowledgements
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d (Conclusions) stls J«<d (AIMRaD) 4«35 355 (Simmons and Abbott, 2008

JuaSauls <
£y S,d
... yielded a total of ... (R)
The aim of the work described ... (1)
... was used to calculate . . . (M)or(R)
There have been few long-term studies of . . . (1)
The vertical distribution of . . . was determined by ... (M) or (R)
This may be explained by ... (D)
Analysis was carried out using . . . (M)
... was highly correlated with ... (R)
MY S,d

S\ eSal ehda gt

) Gﬁ.ﬁbl..: (sidia

SuSidudda JlSs e sm oWl 5 oo o
1. Is the contribution new? | (also stated in A, but no

room to demonstrate it there)
2. Is the contribution significant? | and D (also stated in A)
3. Isitsuitable for publication in the Journal? T, I, A
4. Is the organization acceptable? All
5.

Do the methods and the treatment of results M and R
conform to acceptable scientific standards?
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6.

7.
8.

9.

Are all conclusions firmly based in the data R compared to D and A

presented?

Is the length of the paper satisfactory? All

Are all illustrations required? Photographs Figures and
Are all the figures and tables necessary? tables

10.Are figure legends and table titles adequate?  As above
11.Do the title and Abstract clearly indicate the T, A and all

content of the paper?

12.Are the references up to date, complete, and  Ref

the journal titles correctly abbreviated?

13.1s the paper excellent, good, or poor? All

XY (S8

Title A: Use of in situ 15N-Iabelling to estimate the total below-ground nitrogen
of pasture legumes in intact soil-plant systems

N

Hwn e

S

ikl

The paper focuses on a particular method (in situloN- labelling) and on
results obtained using it.

The parameter measured was total below-ground nitrogen.

The measurement site/context was undisturbed systems involving both
plants and soil.

The plants used were pasture legumes.

(JS 6‘)&43 C)f..\:\‘l%) Q‘Sb‘)‘li‘c\ b‘)‘:u.u‘);s

Why is this method suitable to measure this parameter in this context?
Did the method provide reliable measurements?

How was the accuracy of the measurements verified?

How many legumes were studied and how did the results vary between
them?

What soil types were involved?

Could this method be used for other plant/soil systems?

Title B: Short- and long-term effects of disturbance and propagule pressure on a
biological invasion
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ol

The paper reports the effects of two factors (disturbance and propagule
pres- sure) on one biological invasion.

Results are reported over two time frames: short term and long term.

The focus of the paper is on generalizations from the findings that apply
to biological invasion in general (because no details are given in the title
about the specific organisms or sites involved in this particular invasion).

(‘)3 (5‘)&43 C)f..\:\‘\%) Qlequﬂt_‘s b‘)l:u.u‘)e.

What organisms and locations were involved in the invasion studied?
What is the meaning of propagule pressure in this context?

How are short term and long term defined in this paper?

How do the specific results for this invasion provide evidence for the
study of biological invasion in general?

Title C: The soybean NRAMP homologue, GmDMTL, is a symbiotic divalent
metal transporter capable of ferrous iron transport

Hwnh e

ol

The paper reports the function (ability to transport divalent metals) of a
newly identified entity which is an NRAMP homologue found in
soybeans.

The work reported in the paper shows that the homologue can transport
one particular type of iron (ferrous iron).

The transport process is related to the symbiosis occurring in soybeans.

(JS 6‘)&43 C)f..\:\‘l%) Q‘Sb‘)‘li‘c\ b‘)‘:u.u‘);s
Why is the transport of ferrous iron significant in soy beans?
How does the transport of divalent metals relate to the symbiosis?

How was the function of this entity established?
How does this finding contribute to the broader study of transporters?
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Number of Sargassum muticum (a) recruits and (b) adults e
in field experiment plots (900 cm2).
Propagule pressure is grams of reproductive tissue ¥ s
suspended over experimental plots at beginning of e
experiment.
The average mass of an adult S. muticum (174 g) is AP
indicated by an arrow.
Data are means+1 SE (n 1/4 3). o el
i

-

e OB

Uptake of Fe(Il) by GmDmtl in yeast. AP

(a) Influx of >°Fe?* into yeast cells transformed with GmDmt1;1, s
fet3fet4 cells were transformed with GmDmt1;1-pFL61 or pFL61 Y b
and then incubated with 1uM >*FeCl;(pH 5.5) for 5- and 10-min
periods. ¢ s

Data presented are means+SE of *°Fe uptake between 5 and 10 min e
from three separate experiments (each performed in triplicate).

(b) Concentration dependence of 55Fe influx into fet3fet4 cells Ve
transformed with GmDmt1;1-pFL61 or pFL61.

Data presented are means+SE of *°Fe uptake over 5 min (n143). £ s
The curve was obtained by direct fit to the Michaelis-Menten Y o
equation.

Estimated KM and VMAX for GmDmt1;1 were 6.4+1.1 uM Fe(l11) Y dd
and 0.72%0.08 nM Fe(l11) min*mg* protein, respectively.

(c) Effect of other divalent cations on uptake of *°*Fe?* into fet3fet4 Vs
cells transformed with pFL61-GmDMT1;1. e

Data presented are means+SE of *>Fe (10mM) uptake over 10 min in
the presence and absence of 100mM unlabelled Fe?*,Cu?*,Zn?" and Vs
Mn?", Lty
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(595 OIS o 43y (g0 5433 Shia S4y LS - Brritton-Simmons and Abbott (2008)
gl g st 5530 515 4n Jin (o4 ) (sosiiy 5 Axa

"We plotted the proportion of plots in each treatment combination that were
successfully invaded as a function of propagule pressure (Fig. 3). "
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g Ivpe Kaiser et al. (2003) Britton-Simmons and
Abbott (2008)
1. What subheadings are  Methods; Study system;  Experimental
used in the section? The invader; Field procedures; Plant
experiment; Statistical growth; Isolation of
analysis; Model GmDmt1;1; Northern

analysis; Antibody
generation and Western
immunoblot analysis;
Symbiosome isolation
and nodule membrane

purification
2.1 How do the Very clear relation to the  No specific relationship
subheadings relate to the last paragraph of the seen.

end of the Introduction?  Introduction. Wordings
related to each
subheading have been
used there in describing
the principal activity of
the study, and in almost
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2.11 How do the
subheadings relate to the
subheadings in the
Results section?

3. Is the section easy for
you to follow? Why? Or
why not?

the same order as the
subheadings.

The last three
subheadings come in the
same order in which the
Results are presented.

Aids to clarity include
overview sentences at
the start of paragraphs,
before details are given.

Results subheadings are
not specifically related to
Experimental procedure
subheadings, but the
order of the information
in the Experimental
procedure section
follows closely the order
in which the results are
presented within that
section.

Aids to clarity include
frequent use of
subheadings relating to
order of information in
Results, and use of
purpose phrases to show
why steps were taken in
relation to the
experimental aims.

XY S,
4SS 0 GISal Gaa (g i
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PEA

Original sentences

Transformation

Kaiser et al. (2003) Soybean seeds were

Britton-Simmons
and Abbott (2008)

inoculated at planting with
Bradyrhizobium japonicum
USDA 110. .. [passive]

Subsequent PCR
experiments identified a full-
length 1849-bp cDNA . ..
[active]

Control plots were not
altered in any way, . . .
[passive]

We inoculated soybean
seeds at planting with
Bradyrhizobium
japonicum USDA 110. ..
[active]

A full-length 1849-bp
cDNA was identified in
subsequent PCR
experiments . . . [passive]

We did not alter control
plots in any way, . . .
[active]

139



Each hold fast produces as Asmanyasl8lateralsare

many as 18 laterals in the produced by each holdfast
early spring, . . . [active] in early spring, . . .
[passive]
£V S,4

The soil water balance equation (Xin, 1986; Zhu and Niu, 1987) was used to
compute actual evapotranspiration (T) for each crop, defined as the amount of
precipitation for the period between sowing and harvesting the particular crop
plus or minus the change in soil water storage in the 2m soil profile.

1Ok

Actual evapotranspiration (T) for each crop was computed by the soil water
balance equation (Xin, 1986; Zhu and Niu, 1987). This measure is defined as
the amount of precipitation for the period between sowing and harvesting the
particular crop plus or minus the change in soil water storage in the 2m soil
profile.
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Biological invasions are a global problem with substantial Vo elis
economic (Pimentel et al. 2005) and ecological (Mack et al.

2000) costs. Research on invasions has provided important

insights into the establishment, spread and impact of

nonnative species. One key goal of invasion biology has been

to identify the factors that determine whether an invasion

will be successful (Williamson 1996). Accordingly,

ecologists have identified several individual factors (e.g.

disturbance and propagule pressure) that appear to exert

strong controlling influences on the invasion process. broad )y _zG ;s
However, understanding how these processes interact t0 research niche,
regulate invasions remains a major challenge in ecology claiming
(D’Antonio et al. 2001; Lockwood et al. 2005; Von Holle & (significance
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Simberloff 2005).

Propagule pressure is widely recognized as an important
factor that influences invasion success (MacDonald et al.
1989; Simberloff 1989; Williamson 1996; Lonsdale 1999;
Cassey et al. 2005). Previous studies suggest that the
probability of a successful invasion increases with the
number of propagules released (Panetta & Randall 1994;
Williamson 1989; Grevstad 1999), with the number of
introduction attempts (Veltman et al. 1996), with
introduction rate (Drake et al. 2005), and with proximity to
existing populations of invaders (Bossenbroek et al. 2001).
Moreover, propagule pressure may influence invasion
dynamics after establishment by affecting the capacity of
non-native species to adapt to their new environment
(Ahlroth et al. 2003; Travis et al. 2005). Despite its
acknowledged importance, propagule pressure has rarely
been manipulated experimentally and the interaction of
propagule pressure with other processes that regulate
invasion success is not well understood (D’Antonio et al.
2001; Lockwood et al. 2005).

Resource availability is a second key factor known to
influence invasion success and processes that increase or
decrease resource availability therefore have strong effects
on invasions (Davis et al. 2000). Resource pre-emption by
native species generates biotic resistance to invasion
(Stachowicz et al. 1999; Naeem et al. 2000; Levine et al.
2004). Consequently, physical disturbance can facilitate
invasions by reducing competition for limiting resources
(Richardson & Bond 1991; Hobbs & Huenneke 1992;
Kotanen 1997; Prieur-Richard & Lavorel 2000). In most
communities disturbances occur via multiple mechanisms
and the disturbances created by different agents vary in their
intensity and frequency (D’Antonio et al. 1999). Recent
empirical (Larson 2003; Hill et al. 2005) and theoretical
(Higgins & Richardson 1998) studies suggest that not all
types of disturbance have equivalent effects on the invasion
process.

Moreover, most of what we know about the effects of
disturbance on invasions comes from short-term
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experimental studies. It is presently unclear how different
disturbance agents influence long-term patterns of invasion.

In order for any invasion to be successful, propagule arrival
must coincide with the availability of resources needed by
the invading species (Davis et al. 2000). Therefore, the
Interaction between propagule pressure and processes that
influence resource availability will ultimately determine
invasion success (Brown & Peet 2003; Lockwood et al.
2005; Buckley et al. 2007). In this study we used the
invasion of shallow, subtidal kelp communities in
Washington State by the Japanese seaweed Sargassum
muticum as a study system to better understand the effects of
propagule pressure and disturbance on invasion. In a factorial
field experiment we manipulated both propagule pressure
and disturbance in order to examine how these factors
independently and interactively influence S. muticum
establishment in the short term. We supplement the
experimental results with a parameterized integrodifference
equation model, which we use to examine how different
natural disturbance agents influence the spread of S.
muticum through the habitat in the longer term. Although a
successful invasion clearly requires both establishment and
spread of the invader, most studies have looked at just one of
these processes (Melbourne et al. 2007). We take an
integrative approach by employing both a short-term
experiment and a longer-term model, allowing us to examine
the effects of disturbance and propagule limitation on the
entire invasion process.
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A ISl sada

ol Kaiser et al. (2003) | Britton-Simmons and
Abbott (2008)
4 oS, of Syuea LG | Yes, 8 Yes, 2
Syl s 55 Present tense
fOuds
© oL, d Sswaa LB No Yes, 3

present perfect tense
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sk SonaslSe L) tense LIS | Present, because the Present perfect,

focus of the content is | because the focus is on
explaining a biological | the developing field of
process. research and the work
others have done up to
the present.

Ty et dly iy

obeslasie Sadiu, s,3a g | Sentences Sentences that
¢i.y, | SUMMarizing summarize the current
| commonly accepted state of knowledge in
knowledge in the the field.
field.
YA L
Kaiser et al. (2003)
«<5¥ 5 £? Legume symbiotic associations.
S48, ¢? The peribacteroid membrane (PBM) and its role.
s ,Ls £? Nutrient transport across the PBM.
Britton-Simmons and Abbott (2008)
«<5¥ 5 ¢? Biological invasions.
S8, ¢? Factors controlling the invasion process.
s ,Ls £? The interaction of the factors and processes.
LA S,8

oagila ol o ety sgesled (5558 o 4SS 4w slaly
Legumes form symbiotic associations with N2-fixing soil-borne bacteria of the
Rhizobium family. The symbiosis begins when compatible bacteria invade
legume root hairs, signalling the division of inner cortical root cells and the
formation of a nodule. Invading bacteria migrate to the developing nodule by
way of an ‘infection thread’, comprised of an invaginated cell wall. In the inner
cortex, bacteria are released into the cell cytosol, enveloped in a modified
plasma membrane (the peribacteroid membrane (PBM)), to form an organelle-
like structure called the symbiosome, which consists of bacteroid, PBM and the
intervening peribacteroid space (PBS; Whitehead and Day, 1997). The bacteria,
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subsequently, differentiate into the N,-fixing bacteroid form. The symbiosis

allows the access of legumes to atmospheric N,, which is reduced to NH4+ by

the bacteroid enzyme nitrogenase. In exchange for reduced N, the plant provides
carbon to the nodules to support bacterial respiration, a low-oxygen
environment in the nodule suitable for bacteroid nitrogenase activity, and all the
essential nutritional elements necessary for bacteroid activity. Consequently,
nutrient transport across the PBM is an important control mechanism in the

promotion and regulation of the symbiosis.

AA S8
64 Sl Gas (5t
1 iSal saaa

Y 5588 dd glo00 (s,

St (5,8 32

However, this technique
IS not adaptable to all
plants, particularly
pasture species.
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McNeill et al. (1997)

Kaiser et al. (2003) Britton-Simmons and
Abbott (2008)

scarce, with little
account taken of, is
accordingly required,
but, however

consequently, however, | remains a major

have not yet been | challenge, despite its
identified, putative, | acknowledged

appears to be importance, rarely, is not
well understood, it is
presently unclear how, to
better understand
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McNeill et al. (1997)

The experiments reported here were designed (i) to assess the use of [\pl] to
[verb phrase], and (ii) to obtain quantitative estimates of [\p2].

Kaiser et al. (2003)

In this study we have identified [npl], [ne2]. We show that [ne2] is [ne3],
expressed in [np4] at the onset of [np5], and is localised to [ne6].

Britton-Simmons and Abbott (2008)

In this study we used [\p1] as a study system to better understand the effects of
[np2] and [np3] on [ne4]. In a [adjective] experiment we manipulated both [np2]
and [np3] in order to examine how these factors [adverbs] influence [ne5] in the
short term. We supplement the experimental results with [np6], which we use to
examine how different [np7] influence [np8] in the longer term.

MA (S48

SV eSal eaiA (gt
V) s iSal ada

sl oyt Gy Sub sy SIS sslals 1Sk
Kaiser etal. Propagule pressure is Refers to Gives details of
(2003) widely recognized as  propagule pressure results of previous
an important factor as one of two studies showing
that influences examples of factors ways in which
Invasion success influencing propagule pressure
(references). invasions. affects invasion
success.
Britton- Two classes of Ends by stating that Gives details of
Simmons putative Fe(ll)- the proteins research results on
and Abbott  transport proteins involved are each of the two
(2008) (Irt/Zip and Dmt/ unknown, which classes, in the same
Nramp) have been links directly to order in which they
identified in plants putative (=possible are referred to in
(references). candidates) in this  the topic sentence
sentence. (Irt/Zip and then
Dmt/Nramp).
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Pleuropneumonia (APP) surfaced in the Australian pig population during the
first half of the 1980s and ten years later was regarded as one of the most costly
and devastating diseases affecting the Australian pig industry. It can present as a
dramatic clinical disease or as a chronic, production limiting disease in pig
herds. A sudden increase in the number of sick and coughing pigs and a sharp
rise in mortalities among grower/finisher pigs may herald an outbreak of APP in
a herd. On the other hand, signs may be limited to a drop in growth rate and an
increase in grade two pleurisy lesions in slaughter pigs.

S LES )y 4 Lo s g salan gddy okl

An outbreak of APP in a herd may be heralded by a sudden increase in the
number of sick and coughing pigs and a sharp rise in mortalities among
grower/finisher pigs.

AYA SH4

1. Original: In this project the Rhizoctonia populations of two field soils in the
Adelaide Plains region of South Australia were characterised.

10 SSla s slSolitny SlKau I3l

This project characterised the Rhizoctonia populations of two field soils in the
Adelaide Plains region of South Australia.

ok

The aim of this project was to characterise the Rhizoctonia populations of two
field soils in the Adelaide Plains region of South Australia.

2. Original: A balance between deep and shallow rooting plants, heavy and
light feeders, nitrogen fixers and consumers and an undisturbed phase is needed
to achieve maximum benefit through rotation.

10 SSla s slS kit SK@s I3
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Maximum benefit through rotation can be achieved by using a balance between
deep and shallow rooting plants, heavy and light feeders, nitrogen fixers and

consumers and an undisturbed phase.

ok

To achieve maximum benefit through rotation, it is necessary to have a balance
between deep and shallow rooting plants, heavy and light feeders, nitrogen

fixers and consumers and an undisturbed phase.
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Sentences

Information element

The competition experiments shown in Figure 5(c) indicate
that GmDmtl can transport other divalent cations in
addition to ferrous iron. Zinc, copper and manganese all
inhibited iron uptake. The ability of GmDmtl;1 to enhance
growth of the zrtlzrt2 yeast mutant further suggests that
the protein is not specific for iron transport. The preferred
substrate 7z vivo may well depend on the relevant
concentrations of divalent metals in the infected cell cytosol.
This lack of specificity has been found with Nramp
homologues from other organisms, including Nramp2 from
mice. Despite this lack of specificity when expressed in
heterologous systems, mutation of murine Nramp2 results
in an anaemic phenotype, demonstrating that iz vivo it is
predominantly an iron transporter (Fleming ez 4/., 1997).
Although GmDmtl;1 was able to complement the
DEY1453 (fet3fet4) yeast mutant, the complementation was
not robust and the growth media had to be supplemented
with low concentrations of iron. Atlrtl, on the other hand,
showed much better complementation and allowed growth
of the mutant in the absence of added iron (Figure 4). There
are several possible reasons for the poorer growth with
GmDmtl;l1, including possible instability of GmDmt1;1
transcripts (perhaps because of the presence of the
regulatory IRE element in the transcript).

2a. Restatement of one of
the main findings, showing
how it contributes to the
main activity of the study

3. Speculation about the
finding

2b. Comparison with the
findings of other

researchers

2a. Continued review of
the finding

3. Speculation about the
findings
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Sentences

Information elements

Our experimental results demonstrate that space-

and propagule-limitation both regulate S. muticum
recruitment. Our finding that S. zuticum recruitment was
positively related to propagule input is similar to those of
two previous studies (Parker 2001; Thomsen ez 4. 2006),
in which the propagule input of invasive plants was
manipulated. In our control treatment space was limiting,
a result that has also been found in previous studies of

S. muticum recruitment (Deysher & Norton 1982; De
Wreede 1983; Sanchez & Fernandez 2006). Consequently,
increasing propagule pressure had a relatively weak effect
on recruitment in undisturbed plots (Fig. 1a). However,
when space limitation was alleviated by disturbing the
plots, increasing propagule pressure caused a dramatic
increase in recruitment (Fig. 1a). This suggests that in
the presence of adequate substratum for settlement,
propagule limitation becomes the primary factor
controlling S. muticum recruitment. These results
indicate that S. muticum recruitment under natural

field conditions will be determined by the interaction
between disturbance and propagule input.

2a. Restatement of the
most important finding
showing how it
contributes to the main
activity of the study

2b. Comparisons with
the findings of other

researchers

2a. Continued review of
the important findings

5. Implications of the
results (what they mean
in the context of the
broader field)

0.4 4
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implies might be stabilized Weak
The suggests that could be stabilized by the
presence provides evidence GmDmtl;1 may be stabilized binding of IRPs
of an IRE indicates mRNA was stabilized in soybean
motif shows should be stabilized nodules when free
demonstrates is stabilized iron levels
are low.
Strong
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oy Kaiser et al. (2003) Britton-Simmons and
Abbott (2008)
«Salan b LG | Sentence Noun phrase
ﬁ\fﬁ\gts L’S“fé;‘d‘c\méd
Vool O cmdi
G sla,lSe
4) 4S50 asSey | ““The soybean NRAMP | ““Short- and long-term

Seun laaSasling s

homologue,
GmDMT1"’: the
descriptor and name of
the transporter
discovered

effects”’
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The descriptor comes
first to show how this
new discovery relates to
what was previously
known about the system
under study.

This phrase highlights what
Is new and important about
the work being reported.

AN (S48
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Information
Summary sentences elements
Iron is an important nutrient in N,-fixing legume root nodules. Background

Iron supplied to the nodule is used by the plant for the
synthesis of leghemoglobin, while in the bacteroid fraction, it is
used as an essential cofactor for the bacterial N;-fixing enzyme,

nitrogenase, and iron-containing proteins of the electron

transport chain. The supply of iron to the bacteroids requires
initial transport across the plant-derived peribacteroid
membrane, which physically separated bacteroids from the

infected plant cell cytosol. In this study we have identified

Principal activity

Glycine max divalent metal transporter 1 (GmDmt1), a soybean
homologue of the NRAMP/Dmt1 family of divalent metal ion
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transporters. GmDmtl shows enhanced expression in soybean
root nodules and is most highly expressed at the onset of
nitrogen fixation in developing nodules. Antibodies raised
against a partial fragment of GmDmtl confirmed its presence
on the peribacteroid membrane (PBM) of soybean root
nodules. GmDmtl was able to both rescue growth and
enhance *°Fe(I) uptake in the ferrous iron transport deficient
yeast strain (fet3fer4). The results indicate that GmDmtl is a
nodule-enhanced transporter capable of ferrous iron transport
across the PBM of soybean root nodules. Its role in nodule iron
homeostasis to support bacterial nitrogen fixation is discussed.

Results*

Method

Results*
Conclusion

Another activity
of the study/paper

\vcsvs:.l:jts*:.~

Summary sentences

Information
elements

1. Invading species typically need to overcome multiple limiting
factors simultaneously in order to become established, and
understanding how such factors interact to regulate the
invasion process remains a major challenge in ecology.

2. We used the invasion of marine algal communities
by the seaweed Sargassum muticum as a study system to
experimentally investigate the independent and interactive
effects of disturbance and propagule pressure in the short
term. Based on our experimental results, we parameterized
an integrodifference equation model, which we used to
examine how disturbances created by different benthic
herbivores influence the longer term invasion success of
S. muticum.

3. Our experimental results demonstrate that in this system
neither disturbance nor propagule input alone was sufficient
to maximize invasion success. Rather, the interaction
between these processes was critical for understanding how
the S. muticum invasion is regulated in the short term.

4. The model showed that both the size and spatial
arrangement of herbivore disturbances had a major impact
on how disturbance facilitated the invasion, by jointly
determining how much space-limitation was alleviated and
how readily disturbed areas could be reached by dispersing
propagules.

5. Synthesis. Both the short-term experiment and the
long-term model show that S. muticum invasion success is
co-regulated by disturbance and propagule pressure. Our
results underscore the importance of considering interactive
effects when making predictions about invasion success.

Background

Method + principal
activity 1

Method -+ principal
activity 2

Results

Results

Results summary

Conclusion/
recommendation
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Please find attached the manuscript “Arbuscular mycorrhizal
associations of the southern Simpson Desert”. This manuscript
examines the mycorrhizal status of plants growing on the different
soils of the dune-swale systems of the Simpson Desert. There have
been few studies of the ecology of the plants in this desert and little is
known about how mycorrhizal associations are distributed amongst
the desert plants of Australia. We report the arbuscular mycorrhizal
status of 47 plant species for the first time. The manuscript has been
prepared according to the journal’s Instructions for Authors. We
believe that this new work is within the scope your journal and hope
that you will consider this manuscript for publication in the Australian
Journal of Botany.
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Cargill, M and O’Connor, P. (2009) Writing Scientific Research Articles
Strategy and Steps (1% edition). Blackwell Publishing.
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Britton-Simmons, K.H. & Abbott, K.C. (2008) Short- and long-term effects of
disturbance and propagule pressure on a biological invasion. Journal of
Ecology 96, 68-77.
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scientists writing for publication. Applied Linguistics 28, 440-65.
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GmDMT1, is a symbiotic divalent metal transporter capable of ferrous iron
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Li, F., Zhao, S., & Geballe, G.T. (2000) Water use patterns and agronomic
performance for some cropping systems with and without fallow crops in a
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Summary

Iron is an important nutrient in N,-fixing legume root nodules. Iron supplied to the nodule is used by the
plant for the synthesis of leghemoglobin, while in the bacteroid fraction, it is used as an essential cofactor
for the bacterial N,-fixing enzyme, nitrogenase, and iron-containing proteins of the electron transport chain.
The supply of iron to the bacteroids requires initial transport across the plant-derived peribacteroid mem-
brane, which physically separates bacteroids from the infected plant cell cytosol. In this study, we have
identified Glycine max divalent metal transporter 1(GmDmt1), a soybean homologue of the NRAMP/Dmt1
family of divalent metal ion transporters. GmDmt1 shows enhanced expression in soybean root nodules
and is most highly expressed at the onset of nitrogen fixation in developing nodules. Antibodies raised
against a partial fragment of GmDmt1 confirmed its presence on the peribacteroid membrane (PBM) of
soybean root nodules. GmDmt1 was able to both rescue growth and enhance 5°Fe(ll) uptake in the ferrous
iron transport deficient yeast strain (fet3fet4). The results indicate that GmDmt1 is a nodule-enhanced
transporter capable of ferrous iron transport across the PBM of soybean root nodules. Its role in nodule

iron homeostasis to support bacterial nitrogen fixation is discussed.

Keywords: iron, NRAMP, nitrogen fixation, soybean, symbiosome.

Introduction

Legumes form symbiotic associations with N,-fixing soil-
borne bacteria of the Rhizobium family. The symbiosis
begins when compatible bacteria invade legume root hairs,
signalling the division of inner cortical root cells and the
formation of a nodule. Invading bacteria migrate to the
developing nodule by way of an ‘infection thread’, com-
prised of an invaginated cell wall. In the inner cortex,
bacteria are released into the cell cytosol, enveloped in a
modified plasma membrane (the peribacteroid membrane
(PBM)), to form an organelle-like structure called the sym-
biosome, which consists of bacteroid, PBM and the inter-
vening peribacteroid space (PBS; Whitehead and Day,
1997). The bacteria, subsequently, differentiate into the

© 2003 Blackwell Publishing Ltd

N,-fixing bacteroid form. The symbiosis allows the access
of legumes to atmospheric Ny, which is reduced to NH, " by
the bacteroid enzyme nitrogenase. In exchange for reduced
N, the plant provides carbon to the nodules to support
bacterial respiration, a low-oxygen environment in the
nodule suitable for bacteroid nitrogenase activity, and all
the essential nutritional elements necessary for bacteroid
activity. Consequently, nutrient transport across the PBM is
an important control mechanism in the promotion and
regulation of the symbiosis.

Micronutrients such as iron are essential for bacteroid
activity and nodule development. The demand for iron
increases during symbiosis (Tang et al., 1990), where the
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metal is utilised for the synthesis of various iron-containing
proteins in both the plant and the bacteroids. In the plant
fraction, iron is an important part of the heme moiety of
leghemoglobin, which facilitates the diffusion of O, to the
symbiosomes in the infected cell cytosol (Appleby, 1984). In
bacteroids, there are many iron-containing proteins invo-
Ived in N, fixation, including nitrogenase itself and cyto-
chromes used in the bacteroid electron-transport chain. In
the soil, iron is often poorly available to plants as it is
usually in its oxidised form Fe(lll), which is highly insoluble
at neutral and basic pH. To compensate this, plants have
developed two general strategies to gain access to iron
from their localised environment. Strategy | involves secre-
tion of phytosiderophores that aid in the solubilisation and
uptake of Fe(lll), while strategy Il involves initial reduction
of Fe(lll) to Fe(ll) by a plasma membrane Fe(lll)-chelate
reductase, followed by uptake of Fe(ll) (Romheld, 1987).
The mechanism(s) involved in bacteroid iron acquisition
within the nodule have been investigated at the biochem-
ical level, and three activities have been identified (Day
et al., 2001). Fe(lll) is transported across the PBM com-
plexed with organic acids such as citrate, and accumulates
in the PBS (Levier et al., 1996; Moreau et al., 1995), where
it becomes bound to siderophore-like compounds
(Wittenberg et al., 1996). Fe(lll) chelate reductase activity
has been measured on isolated PBM, and Fe(lll) uptake into
isolated symbiosomes is stimulated by Nicotinamide Ade-
nine Dinucleotide (NADH), reduced form (Levier et al.,
1996). However, Fe(ll) is also readily transported across
the PBM and has been found to be the favoured form of iron
taken up by bacteroids (Moreau et al., 1998). The proteins
involved in this transport have not yet been identified.
Two classes of putative Fe(ll)-transport proteins (Irt/Zip
and Dmt/Nramp) have been identified in plants (Belouchi
et al., 1997; Curie et al., 2000; Eide et al., 1996; Thomine
et al., 2000). The Irt/Zip family was first identified in Arabi-
dopsis by functional complementation of the yeast Fe(ll)
transport mutant DEY 1453 (fet3fet4; Eide et al., 1996). Atlrt1
expression is enhanced in roots when grown on low iron
(Eide et al., 1996), and appears to be the main avenue for
iron acquisition in Arabidopsis (Vert et al., 2002). Recently,
a soybean Irt/Zip isologue, GmZip1, was identified and
localised to the PBM in nodules (Moreau et al., 2002).
GmZip1 has been characterised as a symbiotic zinc trans-
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porter, which does not transport Fe(ll). The second class of
iron-transport proteins consists of the Dmt/Nramp family of
membrane transporters, which were firstidentified in mam-
mals as a putative defence mechanism utilised by macro-
phages against mycobacterium infection (Supek et al., 1996;
Vidal and Gros, 1994). Mutations in Nramp proteins in
different organisms result in varied phenotypes including
altered taste patterns in Drosophila (Rodrigues et al., 1995),
microcytic anaemia (mk) in mice and belgrade rats (Fleming
et al., 1997) and loss of ethylene sensitivity in plants
(Alonso et al., 1999). The rat and yeast NRAMP homologues
(DCT1 and SMF1, respectively) have been expressed in
Xenopus oocytes and shown to be broad-specificity metal
ion transporters capable of Fe(ll), amongst other divalent
cations, transport (Chen et al., 1999; Gunshin et al., 1997).
The planthomologue, AtNramp1, complements the growth
defect of the yeast Fe(ll) transport mutant DEY 1453, while
other Arabidopsis members do not (Curie et al., 2000;
Thomine et al., 2000). Interestingly, AtNramp1 overexpres-
sion in Arabidopsis also confers tolerance to toxic concen-
trations of external Fe(ll) (Curie et al., 2000), suggesting,
perhaps, that it is localised intracellularly.

In this study, we have identified a soybean homologue of
the Nramp family of membrane proteins, GmDmt1;1. We
show that GmDmt1;1 is a symbiotically enhanced plant
protein, expressed in soybean nodules at the onset of
nitrogen fixation, and is localised to the PBM. GmDmt1;1
is capable of Fe(ll) transport when expressed in yeast.
Together, the localisation and demonstrated activity of
GmDmt1;1 in soybean nodules suggests that the protein
is involved in Fe(ll) transport and iron homeostasis in the
nodule to support symbiotic N, fixation.

Results

Cloning of GmDmt1;1

A partial cDNA of GmDmt1;1 was identified from a 6-week-
old soybean nodule cDNA library during a 5-RACE PCR
experiment designed to amplify the N-terminal sequence of
a putative NH," transporter, GmAMT1. Subsequent PCR
experiments identified a full-length 1849-bp cDNA, which
was cloned and sequenced (Figure 1a) (accession no.

Figure 1. Sequence analysis.

(a) Nucleotide and the deduced amino acid sequence of GmDmt1;1. Amino acids italicised and in bold represent the N-terminal region of GmDmt1;1 used for the
generation of the anti-GmDmt1;1 antisera. Consensus Dmt transport motif (bold italic underlined amino acids) and putative iron-responsive element (IRE; bold

underlined) are indicated.

(b) Phylogenetic tree of selected members of the Dmt/Nramp family found in plants AtNramp1 (AF165125), AtNramp2 (AF141204), AtNramp3 (AF202539),
AtNramp4 (AF202540), AtNRAMP5 (CAC27822), AtNramp6 (CAC28123), AtEin2 (AAD41076), OsNramp1 (S62667), OsNramp2 (AAB61961), OsNramp3
(AAC49720). The phylogenetic tree was drawn using MacVector (Accelrys) after comparison of deduced amino acid sequences using the CLUSTAL W method.
The phylogram was built using the neighbour-joining method and best-tree mode. Distances between proteins were estimated using the Poisson-correction

algorithm.

(c) Hydropathy analysis of the deduced amino acid sequence of GmDmt1;1 calculated using the Kyte and Doolittle algorithm with an amino acid window size of
19. Putative transmembrane spanning regions are indicated with horizontal bars. Dashed bar indicates hydrophilic section of protein used to generate anti-

GmDmt1 antisera.
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AY169405). Analysis of the GmDmt1;1 nucleotide sequence
identified an open-reading frame of 516 amino acids encod-
ing for a putative protein of approximately 57 kDa
(Figure 1a). A BLAST search analysis of the GmDmt1;1
amino acid sequence identified significant homology
(approximately 29% identity; approximately 46% similarity)
to the amino acid sequences of six members of the Arabi-
dopsis Nramp family (excluding AtEin2) of divalent metal
ion transporters (Figure 1b). Hydropathy analysis (Kyte and
Doolittle, 1982) of the encoded amino acids identified a
protein with 12 putative transmembrane-spanning regions
(Figure 1c). Between transmembrane segments 8 and 9,
there is a conserved transport motif (5'-GQSSTITGTYAGQ-
FIMGGFLN-3'), common among Nramp/Dmt homologues
(Figure 1a). In the 3'-untranslated region of GmDmt1;1,
there is an iron-responsive element (IRE) motif (5-CTATGT-
CAGAG-3') between bases 1688-1698 (Figure 1a).

A search of the Soybean TIGR Gene Index (http://www.ti-
gr.org) yielded several soybean sequences similar to
GmDmt1;1. These sequences consisted of expressed
sequence tags (ESTs) aligned to make four tentative con-
sensus sequences (TC84846, TC93163, TC94978 and
TC82594), while a fifth sequence was from GenBank (acces-
sion no. AW277420). These partial sequences are between
65 and 98%, identical to GmDmt1,1. Sequence TC93163 has
98% identity with GmDmt1,1 (isolated from cv. Stevens)
and is likely to represent the same isoform from soybean cv.
Williams. Obviously, GmDmt1,;1 is a member of a small
gene family in soybean.

Gene expression

Northern blot analysis demonstrated that GmDmt1;1 is a
nodule-enhanced protein. GmDmt1;7 mRNA transcripts
were abundant in nodules, but were only weakly detected
in roots, leaves and stems (Figure 2a). Coincidently, nodule
GmDmt1;7 mRNA expression was the highest during the
growth period, associated with maximum rates of symbio-
tic nitrogen fixation (20-40 days after planting), and decre-
ased thereafter (Figure 2b,c). In young developing nodules,
GmDmt1;1 mRNA was barely detectable (Figure 2b).

Protein localisation

Antibodies were raised in rabbits against the N-terminal 73
amino acids of GmDmt1;1 (Figure 1c). This antiserum was
used in Western blot analysis of 4-week-old total soluble
nodule proteins, nodule microsomes, PBS proteins and
PBM, isolated from purified symbiosomes. The anti-
GmDMT1 antiserum identified a 67-kDa protein on the
PBM-enriched nodule protein fraction (Figure 3a), but did
not cross-react with soluble nodule proteins, PBS proteins
or nodule microsomes (Figure 3a). Replicate Western blots
incubated with pre-immune serum (Figure 3b) did not
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Figure 2. Northern blot analysis of GmDmt1,1 expression.

(a) GmDmt1,1tissue expression. One microgram of poly(A)+-enriched RNA
was extracted from 4-week-old soybean leaves, stems, roots (nodules
detached) and nodules.

(b) GmDmt1;1 expression in developing nodules.

(c) GmDmt1;1 expression in mature nodules.

Ten micrograms of total RNA was extracted from the nodules prior to and
after the onset of symbiotic nitrogen fixation. Blots (a) and (c) were probed
with DIG-labelled antisense GmDmt1,;1 full-length RNA, while blot (b) was
probed with randomly primed DIG-labelled full-length GmDmt1,;17 cDNA.

cross-react with the soybean nodule tissues examined.
The protein identified on the PBM-enriched protein fraction
is approximately 10 kDa larger than that predicted by the
amino acid sequence of GmDmt1. The increase in size may
be related to extensive post-translational modification (e.g.
glycosylation) of GmDmt1, as it occurs in other systems.
For example, the human Nramp1 and Nramp2 homologues
are extensively modified by glycosylation and can appear
about 40% larger on SDS-PAGE than predicted by their
amino acid sequence alone (Gruenheid et al., 1999; Tabuchi
et al., 2000, 2002). Post-translational modification of PBM
proteins has been observed previously (Cheon et al., 1994;
Kaiser et al., 1998), and the PBM protein Nod 24 undergoes
extensive post-translation modification en route to the
PBM, changing its apparent size on SDS-PAGE from 15 to
32 kDa (Cheon et al., 1994). The localisation of GmDmt1;1 to
the PBM was confirmed by subsequent immunogold-label-
ling experiments on fixed sections of infected cells contain-
ing symbiosomes. The anti-GmDmt1;1 antisera cross-
reacted primarily with proteins on the PBM (Figure 3c,d).
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Occasional cross-reactivity with bacteroids was also evident,
but this was significantly reduced with more stringent
blocking buffers, which included 5% wj/v foetal albumin
and 3% wj/v normal goat serum (Figure 3e).
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Functional analysis in yeast

To test for Fe?*-transport activity, GmDmt1;1 and the posi-
tive control Atlrt1 (a known iron transporter) was cloned
into the yeast-expression vectors, pFL61 and pDR195, and
then transformed into the yeast iron-transport mutant
DEY1453 (fet3fetd), which grows poorly on media contain-
ing low iron concentrations as a result of disrupted high
(fet3)- and low (fetd)-affinity Fe?"-transport activity (Dix
et al., 1994; Eide et al., 1992). On synthetic-defined (SD)
media supplemented with or without 2 pm FeCls, both
Atlrt1 and GmDmt1;1 improved the growth of fet3fet4
cells over those containing the empty cloning vector
pFL61 (Figure 4a). Similarly, in liquid SD media supple-
mented with 20 umM FeCl; cells containing either Atlrt1 or
GmDmt1;1 routinely entered the exponential-growth
phase earlier than those of the empty vector controls
(Figure 4b). In the absence of any added iron, GmDmt1;1
was unable to enhance growth of the mutant yeast (results
not shown).

Short-term uptake experiments with 1 um **FeCl; showed
that transformation of fet3fet4 cells with GmDmt1;1 enha-
nced accumulation of 5®Fe(ll) approximately fourfold over
control cells (Figure 5a). This uptake followed Michaelis-
Menten kinetics with an apparent Ky of 6.4+ 1.1 um
(Figure 5b). The apparent Ky for Fe(ll) agrees well with
the need for supplementation of growth medium with
micromolar iron in order to observe enhanced growth by
the GmDmt1;1 cells (see above).

We tested whether GmDmt1;1 can transport other metal
ions by heterologous expression in the zinc-deficient yeast-
transport mutant, ZHY3 (zrt1zrt2) and the manganese trans-
port mutant SMF1 (Chen et al, 1999). On minimal zinc
plates, GmDmt1 partially complemented ZHY3, but the
growth of this mutant was slower than that of DEY1453
(fet3fet4) transformed with GmDmt1;1 (mean doubling
times were 6.3 &+ 0.5 h versus 5.1 £+ 0.01 h (n = 4), respec-
tively). In short-term transport studies, a 10-fold excess
of MnCl, in the reaction medium inhibited *°Fe uptake

Figure 3. Immunolocalisation of GmDmt1;1 to the peribacteroid membrane
(PBM) of soybean nodules.

Western analysis of SDS-PAGE separated and blotted 4-week-old nodule
protein fractions including enriched PBM, peribacteroid space (PBS) pro-
teins, total nodule microsomes and soluble proteins. Duplicate blots were
incubated with anti-GmDmt1;1 antiserum (a) or with pre-immune antisera
(b) at a dilution of 1:3000, respectively. Thirty micrograms of purified
protein was loaded in each lane. Molecular size markers are shown on
the left. (c-e) Immunogold labelling of 3-week-old soybean nodule cross-
sections of infected cells with symbiosomes. Tissue sections were incu-
bated with anti-GmDmt1 antisera at a dilution of 1 : 100 (c, d) or with the pre-
immune serum at a dilution of 1: 50 (e) followed by 15-nm colloidal gold
conjugated with goat antirabbit IgG (BIOCELL EM GAR 15) at a dilution of
1:40. Double arrows indicate immunoreactive proteins on the PBM and
single arrows identify possible cross-contamination with bacteroids. EM
magnification for both pictures was 35 000x.

© Blackwell Publishing Ltd, The Plant Journal, (2003), 35, 295-304



300 Brent N. Kaiser et al.

significantly by DEY1453 (fet3fet4) transformed with
GmDmt1;1 (Figure 5¢). Similar inhibitions were seen with
10-fold CuCl, and ZnClI, (Figure 5c).
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Discussion

GmDmt1;1 can transport ferrous iron

The results presented here demonstrate that GmDmt1;1is a
symbiotically enhanced homologue of the Nramp family of
divalent metal ion transporters. The sequence of GmDmt1,1
shares several common features with other members of the
family, including 11-12 predicted transmembrane domains,
a consensus transport motif between transmembrane
domains 8 and 9 and an IRE in the 3'-UTR of the transcript
(Gunshin et al., 1997). Its expression is strongly enhanced in
nodules, and immunological studies clearly localise the
protein to the symbiosome membrane of infected cells. Its
ability to rescue growth of the fet3fet4 yeast mutant on low
iron medium makes GmDmt1;1 a strong candidate for the
ferrous iron transporter, previously identified in isolated
symbiosomes from soybean (Moreau et al., 1998). The
kinetics of 5°Fe?* uptake into complemented yeast (with
an apparent Ky of 6.4 uM) also resemble those observed
in isolated symbiosomes (linear uptake was observed over
the range of 5-50 uM iron; Moreau et al., 1998).

Specificity of GmDmt1;1

The competition experiments shown in Figure 5(c) indicate
that GmDmt1 can transport other divalent cations in addi-
tion to ferrous iron. Zinc, copper and manganese all inhib-
ited iron uptake. The ability of GmDmt1;1 to enhance
growth of the zrt1zrt2 yeast mutant further suggests that
the protein is not specific for iron transport. The preferred
substrate in vivo may well depend on the relative concen-
trations of divalent metals in the infected cell cytosol. This
lack of specificity has been found with Nramp homologues
from other organisms, including Nramp2 from mice.
Despite this lack of specificity when expressed in hetero-
logous systems, mutation of murine Nramp2 results in an
anaemic phenotype, demonstrating that in vivo it is pre-
dominantly an iron transporter (Fleming et al, 1997).
Although  GmDmt1;1 was able to complement the
DEY1453 (fet3fetd) yeast mutant, the complementation
was not robust and the growth media had to be supple-
mented with low concentrations of iron. Atlrt1, on the other
hand, showed much better complementation and allowed
growth of the mutant in the absence of added iron

Figure 4. Functional analysis of GmDmt1;1 activity in yeast cells.

fet3fetd yeast cells were transformed with GmDmt1;1 inserted in the expres-
sion vector pFL61. Cells were also transformed with empty yeast expression
vectors.

(a) Growth of serially diluted cells after 6 days at 30°C of GmDmt1;1
(GmDmt1;1-pFL61), Atirt1 (Atlrt1-pFL61) and control (pFL61) transformed
fet3fet4 cells on synthetic-defined (SD) media supplemented with 0, 2,
20 um FeCls.

(b) Growth in liquid SD media supplemented with 20 um FeCls.
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(Figure 4). There are several possible reasons for the poorer
growth with GmDmt1;1, including possible instability of
GmDmt1;1 transcripts (perhaps because of the presence of
the regulatory IRE element in the transcript).
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Localisation and function of GmDmt1;1

It has been suggested that AtNramp has an intracellular
localisation (Grotz and Guerinot, 2002). The symbiosome is
a vacuole-like structure (Mellor, 1989) and contains high
concentrations of non-heme iron (Wittenberg et al., 1996).
However, this raises an interesting question as to the
mechanism of GmDmt1;1. Divalent metal transport into
vacuoles is likely to occur as Fe?'/H" exchange (Gonzalez
et al., 1999), and it is possible that this also occurs in
symbiosomes, as the PBM is energised by a H"-pumping
ATPase, which generates a membrane potential positive on
the inside (and an acidic interior if permeant anions are
present; Udvardi and Day, 1997). However, in this situation,
and also in yeast, GmDmt1;1 catalyses uptake of iron into
the cell, while uptake into symbiosomes is equivalent to
export from the plant cytosol. Assuming that GmDmt1;1 is
located in the plasma membrane of yeast and that it has the
same physical orientation as in symbiosomes, which is
likely considering that the secretory pathway is thought
to mediate protein insertion into the PBM, then GmDmt1;1
must be able to catalyse bidirectional transport of iron. This
is not unusual for a carrier and has been observed with
GmZip1, a zinc transporter on the PBM. It appears that iron
uptake can be linked to the membrane potential or pH
gradient via other ion movements in the heterologous
system. Further experiments on symbiosomes and yeast
(or Xenopus oocytes) may provide new insights into the
mechanism of iron transport in plants, but it appears that
GmDmt1;1 has the capacity to function in vivo as either an
uptake or an efflux mechanism in symbiosomes. This also
raises the question of the relationship between GmDmt1;1
and the NADH-ferric chelate reductase on the PBM (Levier
and Guerinot, 1996).

At the plant plasma membrane, ferrous iron transporters
(presumably Atlrt1 homologues) act to take up iron reduced
by the reductase into the plant. In the symbiosome, assum-
ing that the orientation of the reductase on the PBM is
similar to that on the plasma membrane, ferric iron stored
inthe symbiosome space would be reduced upon oxidation

Figure 5. Uptake of Fe(ll) by GmDmt1 in yeast.

(a) Influx of *Fe?* into yeast cells transformed with GmDmt1;1. fet3fet4 cells
were transformed with GmDmt1;1-pFL61 or pFL61 and then incubated
with 1 uMm %°FeCl; (pH 5.5) for 5- and 10-min periods. Data presented are
means + SE of ®Fe uptake between 5 and 10 min from three separate
experiments (each performed in triplicate).

(b) Concentration dependence of *°Fe influx into fet3fet4 cells transformed
with GmDmt1;1-pFL61 or pFL61. Data presented are means + SE of ®Fe
uptake over 5 min (n = 3). The curve was obtained by direct fit to the
Michaelis-Menten equation. Estimated Ky and Viuax for GmDmt1;1 were
6.4 + 1.1 uMm Fe(ll) and 0.72 + 0.08 nm Fe(ll) min~" mg~" protein, respec-
tively.

(c) Effect of other divalent cations on uptake of *°Fe?" into fet3fet4 cells
transformed with pFL61-GmDMT1;1. Data presented are means + SE of
5Fe (10 uM) uptake over 10 min in the presence and absence of 100 um
unlabelled Fe?*, Cu?*, Zn?* and Mn?*.



302 Brent N. Kaiser et al.

of NADH in the plant cytosol. In isolated symbiosomes,
addition of NADH together with ferric citrate, stimulated
iron accumulation in the bacteroid, suggesting that the
ferrous iron produced in the symbiosome space was taken
up by the bacteroid ferrous iron transporter (Moreau et al.,
1998). In vivo, however, Fe(ll) in the symbiosome space
could also be transported back into the plant cytosol by the
action of GmDmt1;1. We attempted to demonstrate this
with isolated symbiosomes by loading them with 5%Fe3*
citrate, adding NADH and ATP (the latter to energise the
membrane), and measuring efflux of **Fe into the reaction
medium, but could not detect any efflux (Thomson, data
not shown). The direction of transport in vivo will depend
on the concentration of other ions on either side of the PBM
and the activity of the bacteroid ferric and ferrous trans-
porters.

Regulation of GmDmt1,;1 expression

As mentioned above, GmDmt1;1 contains an IRE in its 3'-
UTR. IREs are conserved sequences in the UTR of certain
RNA transcripts to which iron-regulating proteins (IRPs)
bind. The presence of an IRE motif suggests that GmDmt1;1
mRNA may be stabilised by the binding of IRPs in soybean
nodules when free iron levels are low. In both mammals
(Canonne-Hergaux et al, 1999) and Arabidopsis (Curie
et al., 2000; Thomine et al., 2000), the abundance of Dmt
isoforms containing an IRE element is enhanced by iron
deficiency. Iron is required for both plant and bacterial
enzymes during nodule development and in the function-
ing of the mature nodule. GmDmt1;1 transcripts were
detectable in relatively young (11-day-old) nodules and
increased as the nodules matured (Figure 2). It is possible
that during this time, when the bacteroid and plant iron
requirements are relatively high, free iron levels are low
and GmDMTT1 transcripts are stabilised by IRPs. This pro-
cess could ensure nodule iron transport capacity through
increased expression and activity of GmDMT1.

Conclusion

We have identified an Nramp homologue, GmDmt1, which is
expressed in soybean nodules and encodes a divalent metal
ion transporter located on the symbiosome membrane. The
ability ofthis proteinto transportferrousiron makesitacandi-
date for the ferrous transport activity previously demon-
strated in isolated symbiosomes (Moreau et al., 1998).

Experimental procedures

Plant growth

Soybean (Glycine max L. cv. Stevens) seeds were inoculated at
planting with Bradyrhizobium japonicum USDA 110 and grown in

river sand in either glass houses under ambient light between 20
and 30°C, or in controlled-temperature growth rooms at 25°C day
and 21°C night temperatures. Plants in the growth chambers were
provided with a scheduled (14-h day/10-h night) artificial light
(approximately 300 photosynthetic active radiation (PAR) at pot
level) period. Plants were irrigated daily with a nutrient solution
lacking nitrogen (Delves et al., 1986).

Isolation of GmDmt1;1

Poly(A)+ mRNA was extracted from 6-week-old nodules (Kaiser
et al., 1998) and was used to synthesise an adaptor-ligated RACE
cDNA library (Clontech; Marathon, Roche, Australia). A 480-bp
cDNA amplicon was identified fortuitously from a 5-RACE PCR
experiment using an adaptor-specific primer, AP1: 5'-CCATCC-
TAATACGACTCACTATAGGGC-3' and GmAMTR24: 5-CGAAC-
CAAAGCATGAAGGTCCC-3, a gene-specific primer designed
against a partial cDNA of a soybean high-affinity NH,* transporter,
GmAMT1 (Kaiser, unpublished results). To amplify the complete
GmDmt1;1 cDNA, PCR experiments were performed using a sec-
ond 6-week-old nodule cDNA library, which was ligated into the
yeast-expression vector pYES3 (Kaiser et al., 1998). Using primers
pYES11R: 5-GCCGCAAATTAAAGCCTTCG-3' and GmDMTF2: 5'-
AAGAATAAGGTGCCACCACC-3, a 1.4-kb cDNA was amplified,
which included the 3'-terminus of GmDMT1. A full-length clone
(1.88 kb) was then subsequently amplified by the PCR from an
adaptor-ligated 4-week-old nodule cDNA library (Clontech; Mara-
thon) using high-fidelity Taqg DNA polymerase (Roche) and primers
AP1 and GmDMT1R21: 5-AAAATTTGAAAGTACTAATACAGAGC-
3. Both strands of the full-length cDNA were sequenced.

Northern analysis

Total RNA was extracted from frozen soybean nodules roots after
nodules were detached, stems and leaves using either a Phenol/
Guanidine extraction method (Kaiser et al., 1998) or the Qiagen
RNAeasy system (Qiagen, Australia). Poly(A)+ RNA was isolated
from total RNA pools using Oligotex resin (Qiagen). Ten micrograms
oftotal RNA or 1 pg of Poly(A)+-enriched RNA was size-separated on
a denaturing 1X MOPS 1.2% (w/v) agarose gel containing formal-
dehyde (Sambrook et al., 1989) and blotted overnight onto Hybond
N* nylon membrane in 20x SSC. RNA was fixed to the membrane by
baking at 120°C for 30 min. Blots were hybridised with either a full-
length DIG-labelled antisense GmDmt1;7 RNA produced using the
SP6/T7 RNA DIG-labelling kit (Roche) or full-length randomly primed
DIG-labelled GmDmt1;7 cDNA. Blots were hybridised overnight at
68°C in DIG-easy hybridisation buffer (Roche). After hybridisation,
the blots were washed twice for 15 min in 2x SSC, 1% SDS at
ambient temperature, twice at 68°C for 30 min in 0.1x SSC, 1%
SDS and twice for 15 min at ambient temperature in 0.1x SSC,
0.1% SDS, followed by chemiluminescent detection of the digox-
ygenin label using CDP-STAR (Roche).

Antibody generation and Western immunoblot analysis

To generate an antibody to GmDmt1;1, a 236-bp DNA fragment
coding for 79 N-terminal amino acids was amplified using the PCR,
using primers 5-TGGCTCGAGCCACCAAGAGCAGCCACT-3 and
5-ACCCGAATTCCTGAAGGTCCCCCTCTAAG-3. The DNA frag-
ment was cloned into pGEMT (Promega, Madison, WI, USA)
and was sequenced. The N-terminal DNA fragment was then
subcloned into pTrcHisB (Invitrogen, San Diego, CA, USA)
in-frame with the Histidine)-tag and the initiation and termination
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codon. The resulting construct, pHISDMT1, was transformed into
Escherichia coli TOP10F cells (Invitrogen) and grown in 500 ml of
liquid Solution B (SOB) media containing 50 pg mI~" ampicillin at
37°C to an ODggg of 0.5. Expression of the Hisi-tag GmDmt1;1
fusion protein was then induced by adding 1 mm isopropyl B-D-
thiogalactopyranoside (IPTG) and incubating further for 3 h. Cells
were collected and lysed in buffer (8 M urea, 50 mm NaH,PO,,
300 mm NaCl, 1.5 mm imidazole pH 8.0) and disrupted by six cycles
of freezing and thawing followed by repeated passage through an
18-gauge needle. Insoluble proteins and cell debris were removed by
centrifugation for 10 min at 16 000 g, and the supernatant was
collected. The Hisg-tagged GmDmt1;1 fusion protein was purified
by immobilised metal affinity chromatography (Clontech, San
Diego, CA, USA). Eluted protein was concentrated by tricholoracetic
acid precipitation and re-suspended in elution buffer containing 8 m
urea. The concentrated fusion protein (approximately 200 pg) was
mixed with an equal volume of complete Freunds adjuvant (Sigma,
USA) and injected into New Zealand White rabbits followed by four
subsequent200-ug injections at 1-month intervals. Ten days afterthe
final injection, crude serum was collected. Protein fractions for
Western immunoblot analysis were separated by 12 or 15% w/v
SDS-PAGE (Laemmli, 1970) and blotted onto Polyvinylidene Fluor-
ide (PVDF) membranes (Amersham, Buckinghamshire, UK), using a
wet-blotting system (Bio-Rad, Regents Park, Australia). Membranes
were probed with antiserum to GmDmt1;1 at a dilution of 1 : 3000in
PBS buffer, followed by secondary probing with a horseradish
peroxidase-conjugated antirabbit IgG antibody. Immunoreactive
proteins were visualised by chemiluminescence using acommercial
kit (Roche, Australia).

Symbiosome isolation and nodule
membrane purification

Symbiosomes were purified from soybean nodule extracts as
described before (Day et al., 1989), using a 3-step Percoll gradient.
PBM-enriched membrane fractions were purified by rapid vortex-
ing (4 min) of symbiosomes in buffer (350 mM mannitol, 25 mm
MES-KOH (pH 7.0), 3 mm MgSOQy4, 1 mm PMSF; 1 mm pAB; 10 um
E64; 1 mm DTT), followed by centrifugation at 10 000 g for 10 min
in a SS34 rotor (4°C). The supernatant was collected and centri-
fuged further at 125 000 g for 60 min to separate the PBS proteins
from the insoluble PBM-enriched membrane fraction. The PBM
pellet was phenol-extracted (Hurkman and Tanaka, 1986), and the
PBM and PBS fractions were concentrated by ammonium acetate/
methanol precipitation and re-suspended at room temperature in
loading buffer (125 mm Tris pH 6.8, 4% w/v SDS, 20% v/v glycerol,
50 mm DTT, 20% v/v mercaptoethanol, 0.001% w/v bromophenol
blue). Soluble and insoluble nodule fractions were prepared by
grinding nodules in buffer (25 mm MES-KOH pH 7.0, 350 mm
mannitol, 3 mMm MgSO,4 1 mmMm PMSF, 1 mm pAB; 10 um E64),
followed by filtration through four layers of miracloth (Calbio-
chem, San Diego, CA, USA), and were centrifuged at 10 000 g,
4°C for 15 min to separate the bacteroids from the plant fraction.
The supernatant was centrifuged further at 125 000 g, 4°C for 1 h.
The supernatant was collected and concentrated by ammonium
acetate/methanol precipitation. The nodule total membrane pellet
and soluble protein fractions were re-suspended in loading buffer
as described above.

Functional expression in yeast

GmDmt1;1 was cloned into the Notl site of the yeast-E. colishuttle
vector pDR195 downstream of the P-type ATPase promoter PMA1
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(Thomine et al., 2000) or into pFL61 under the control of the
phosphoglycerate kinase promoter (Minet et al., 1992). Yeast
strain DEY1453 (fet3fet4) (Eide et al., 1996) (MATa/MATa ade2/
+cani/can1 his3/his3 leu2/leu2 trp1/trp1 ura3/ura3 fet3-2::HIS3/
fet3-2::HIS3/fetd-1::LEU2/fet4-1::LEU2) was transformed (Gietz
et al., 1992) and selected for growth on SD media containing
20 mg ml~" glucose and appropriate autotrophic requirements
(pH 4.5; Dubois and Grenson, 1979). The media was also supple-
mented with 10 puM FeCls to aid in the growth of fet3fet4. Yeast-
uptake experiments were performed based on the protocol of Eide
et al. (1992). fet3fet4 cells transformed with expression plasmids
were grown to log phase in SD media with 2 um additional FeCls.
Log-phase cells were harvested, washed in H,0 and diluted in new
SD media to an ODggg of 0.3 and grown for a further 4 h. Cells were
harvested and washed twice with cold MES Glucose Nitriso-acetic
acid (MGN) uptake buffer (10 mm MES, pH 5.5, 2% (w/v) glucose,
1 mM nitrilotriacetic acid). Cells were equilibrated at 30°C for
10 min before addition of an equal volume of ®Fe?" solution
(MGN buffer, with 10 pm FeCls, 55FeCl; and 200 pm ascorbic acid
to ensure that iron is in the ferrous form). Cells were incubated at
30°C, and aliquots were taken, filtered and washed five times with
500-ul ice-cold synthetic seawater medium (SSW) (1 mm EDTA,
20 mMm trisodium citrate, 1 mmMm KH,PO,, 1 mm CaCl,, 5 mm
MgS0,4, 1 mm NaCl (pH 4.2)). Duplicate experiments were per-
formed on ice as a background control for iron binding to cellular
material. Internalised ®*Fe?* was determined by liquid scintillation
counting of the filters. Protein amounts were determined using a
modified Lowry assay (Peterson, 1977).
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Summary

1. Invading species typically need to overcome multiple limiting factors simultaneously in order to
become established, and understanding how such factors interact to regulate the invasion process
remains a major challenge in ecology.

2. We used the invasion of marine algal communities by the seaweed Sargassum muticum as a study
system to experimentally investigate the independent and interactive effects of disturbance and
propagule pressure in the short term. Based on our experimental results, we parameterized an
integrodifference equation model, which we used to examine how disturbances created by different
benthic herbivores influence the longer term invasion success of S. muticum.

3. Our experimental results demonstrate that in this system neither disturbance nor propagule input
alone was sufficient to maximize invasion success. Rather, the interaction between these processes
was critical for understanding how the S. muticum invasion is regulated in the short term.

4. The model showed that both the size and spatial arrangement of herbivore disturbances had a
major impact on how disturbance facilitated the invasion, by jointly determining how much
space-limitation was alleviated and how readily disturbed areas could be reached by dispersing
propagules.

5. Synthesis. Both the short-term experiment and the long-term model show that S. muticum invasion
success is co-regulated by disturbance and propagule pressure. Our results underscore the importance
of considering interactive effects when making predictions about invasion success.

Key-words: biological invasion, biotic resistance, disturbance, establishment probability, propagule

pressure, Sargassum muticum

Introduction

Biological invasions are a global problem with substantial
economic (Pimentel et al. 2005) and ecological (Mack et al.
2000) costs. Research on invasions has provided important
insights into the establishment, spread and impact of non-
native species. One key goal of invasion biology has been to
identify the factors that determine whether an invasion will be
successful (Williamson 1996). Accordingly, ecologists have
identified several individual factors (e.g. disturbance and
propagule pressure) that appear to exert strong controlling
influences on the invasion process. However, understanding
how these processes interact to regulate invasions remains a

*Correspondence and present address. Friday Harbor Laboratories,
University of Washington, 620 University Road, Friday Harbor, WA
98250, USA. E-mail: aquaman@u.washington.edu

tPresent address: Department of Zoology, University of Wisconsin,
430 Lincoln Drive, Madison, WI 53706, USA

major challenge in ecology (D’Antonio ef al. 2001; Lockwood
et al. 2005; Von Holle & Simberloft 2005).

Propagule pressure is widely recognized as an important
factor that influences invasion success (MacDonald ef al.
1989; Simberloff 1989; Williamson 1996; Lonsdale 1999;
Cassey et al. 2005). Previous studies suggest that the pro-
bability of a successful invasion increases with the number of
propagules released (Panetta & Randall 1994; Williamson
1989; Grevstad 1999), with the number of introduction
attempts (Veltman et al. 1996), with introduction rate (Drake
et al. 2005), and with proximity to existing populations of
invaders (Bossenbroek et al. 2001). Moreover, propagule
pressure may influence invasion dynamics after establishment
by affecting the capacity of non-native species to adapt to
their new environment (Ahlroth et al. 2003; Travis et al.
2005). Despite its acknowledged importance, propagule
pressure has rarely been manipulated experimentally and the
interaction of propagule pressure with other processes that
regulate invasion success is not well understood (D’Antonio
et al. 2001; Lockwood et al. 2005).

© 2007 The Authors. Journal compilation © 2007 British Ecological Society



Resource availability is a second key factor known to influ-
ence invasion success and processes that increase or decrease
resource availability therefore have strong effects on invasions
(Davis et al. 2000). Resource pre-emption by native species
generates biotic resistance to invasion (Stachowicz et al.
1999; Naeem et al. 2000; Levine et al. 2004). Consequently,
physical disturbance can facilitate invasions by reducing com-
petition for limiting resources (Richardson & Bond 1991;
Hobbs & Huenneke 1992; Kotanen 1997; Prieur-Richard &
Lavorel 2000). In most communities disturbances occur via
multiple mechanisms and the disturbances created by differ-
ent agents vary in their intensity and frequency (D’Antonio
et al. 1999). Recent empirical (Larson 2003; Hill ez al. 2005)
and theoretical (Higgins & Richardson 1998) studies suggest
that not all types of disturbance have equivalent effects on the
invasion process. Moreover, most of what we know about the
effects of disturbance on invasions comes from short-term
experimental studies. It is presently unclear how different distur-
bance agents influence long-term patterns of invasion.

In order for any invasion to be successful, propagule arrival
must coincide with the availability of resources needed by the
invading species (Davis et al. 2000). Therefore, the interaction
between propagule pressure and processes that influence
resource availability will ultimately determine invasion success
(Brown & Peet 2003; Lockwood et al. 2005; Buckley et al.
2007). In this study we used the invasion of shallow, subtidal
kelp communities in Washington State by the Japanese seaweed
Sargassum muticum as a study system to better understand
the effects of propagule pressure and disturbance on invasion.
In a factorial field experiment we manipulated both propagule
pressure and disturbance in order to examine how these
factors independently and interactively influence S. muticum
establishment in the short term. We supplement the experi-
mental results with a parameterized integrodifference equa-
tion model, which we use to examine how different natural
disturbance agents influence the spread of S. muticum through
the habitat in the longer term. Although a successful invasion
clearly requires both establishment and spread of the invader,
most studies have looked at just one of these processes
(Melbourne et al. 2007). We take an integrative approach by
employing both a short-term experiment and a longer-term
model, allowing us to examine the effects of disturbance and
propagule limitation on the entire invasion process.

Methods

STUDY SYSTEM

Our field research was based out of Friday Harbor Laboratories on
San Juan Island, Washington State, USA. The field experiment was
carried out at a site within the San Juan Islands Marine Preserve
network adjacent to Shaw Island, known locally as Point George
(48.5549° N, 122.9810° W). Field work was accomplished using
SCUBA in shallow subtidal communities.

The native algal community characteristic of sheltered, rocky
subtidal habitats in this region is species-rich and structurally
complex (see Britton-Simmons 2006 for a more detailed description).
In this ecosystem, space is an important limiting resource and in the
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absence of disturbance there is little or no bare rock available for
newly arriving organisms to colonize. This habitat has a diverse
fauna of benthic herbivores, including molluscs and sea urchins,
that create disturbances by clearing algae from the rocky substrata.
The green sea urchin Strongylocentrotus droebachiensis is a generalist
herbivore that reduces the abundance of native algae and creates
relatively large disturbed patches (Vadas 1968; Duggins 1980). In
the shallow zone where S. muticum is found, the green urchin is
highly mobile and often occurs in aggregations (Paine & Vadas
1969; Foreman 1977; Duggins 1983; personal observation). Green
urchins avoid areas where S. muticum is present because it is not a
preferred food resource (Britton-Simmons 2004), but they can be
found feeding in uninvaded areas adjacent to existing S. muticum
populations (personal observation). Green urchins therefore create
intermittent but relatively intense disturbances in areas where S.
muticum is absent and some proportion of these disturbances can
potentially be exploited by dispersing S. muticum propagules. In
contrast, herbivorous benthic molluscs (chitons, limpets and snails)
are ubiquitous in the shallow subtidal and unlike sea urchins they
are unaffected by the presence of S. muticum (Britton-Simmons
2004). Herbivory by individual molluscs creates relatively small-
scale disturbances, thereby providing a consistent supply of micro-
sites that can be colonized by newly arriving species, including
Sargassum muticum (see Appendix S1 in Supplementary Material
for more information about mollusc diets).

THE INVADER

Sargassum muticum is a brown alga in the order Fucales that was
introduced to Washington State in the early 20th century, probably
with shipments of Japanese oysters that were imported for aqua-
culture beginning in 1902 (Scagel 1956). It is now common in shallow
subtidal habitats throughout Puget Sound and the San Juan Islands
(Nearshore Habitat Program 2001, personal observation). In the
San Juan Islands, S. muticum has a pseudoperennial life history.
Each holdfast produces as many as 18 laterals in the early spring,
each of which can grow as tall as three metres. In late summer to
early autumn the laterals senesce and are lost, leaving only the basal
holdfast portion of the thallus to overwinter.

Sargassum muticum has a diplontic (uniphasic) life cycle, is mone-
cious, and is capable of selfing. Reproduction typically occurs between
late June and late August in our region. During reproduction the
eggs of S. muticum are released from and subsequently adhere to the
outside of small reproductive structures called receptacles. Once
fertilized, the resulting embryos remain attached while they develop
into tiny germlings (<200 um in length) with adhesive rhizoids
(Deysher & Norton 1982). Germlings then detach from the receptacle
and sink relatively quickly, recruiting in close proximity to the
parent plant (Deysher & Norton 1982). Although most recruitment
occurs within 5 m of adult plants, recruits have been found as far as
30 m from the nearest adult (Deysher & Norton 1982). Longer
distance dispersal probably occurs when plants get detached from
the substratum and subsequently become fertile after drifting for
some period of time (Deysher & Norton 1982). One distinctive
feature of the S. muticum invasion is that it is extremely limited in
vertical extent. In the San Juan Islands, S. muticum is found from
the low intertidal to the shallow subtidal zone (Norton 1977,
personal observation), from approximately —0.5 m Mean Lower
Low Water (MLLW) to -7 m MLLW. However, it is most abundant
in the shallow subtidal, from approximately -2 m MLLW to -4 m
MLLW. Thus, in areas where S. muticum has invaded it forms a
narrow band along the shore.
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FIELD EXPERIMENT

We used a two-way factorial design manipulating propagule pres-
sure (six levels) and disturbance (two levels) with three replicates
per treatment combination. Subtidal plots (30 cm x 30 cm) at a
depth of 3—4 m below MLLW were selected so that differences in the
identity and abundance of taxa, aspect, and relief were minimized
and the plots were randomly assigned to treatments. None of the
experimental plots contained S. muticum prior to the experiment.
However, some S. muticum was present at Point George and it was
removed prior to the reproductive season in order to prevent con-
tamination of the experimental plots from external sources of S.
muticum propagules.

The disturbance treatment had two levels: control and disturbed.
Control plots were not altered in any way, but they did vary some-
what in how much natural disturbance had occurred in them prior
to the experiment (mean =7.7% of plot area). Plots in the distur-
bance treatment were scraped down to bare rock so that no visible
organisms remained. These two treatments represent extremes
in the levels of disturbance that are likely to occur in nature. The
unaltered control plots contained a rich assemblage of native
species. The disturbed plots were similar in spatial scale to a patch
that a small group of urchins might create, but represent an un-
usually intense disturbance because all native species, including
crustose coralline algae (which cover an average of 27.7% of the
substratum at this depth), were removed. These treatments
maximized our ability to detect an effect of disturbance in our
experiment.

Immediately following the imposition of the disturbance treat-
ment (July 2002) the plots were experimentally invaded by suspend-
ing ‘brooding’ S. muticum over them. This was accomplished by
collecting S. muticum from the field and transporting them to the lab
where the appropriate ratio of sterile to reproductive tissue (see
below) was placed in 30 cm x 30 cm vexar bags. The bags were
returned to the field the same day and suspended over the experi-
mental plots for 1 week. Propagule pressure was manipulated by
varying the ratio of sterile to reproductive tissue in the bags while
holding the total biomass of S. muticum tissue constant. The propagule
pressure treatment had six levels, corresponding to the following
amounts of reproductive tissue (in grams): 0, 50, 100, 175, 250
and 350 (average mass of mature S. muticum in this region is
174 g). Based on propagule production—mass relationships derived
by Norton & Deysher (1988) for S. muticum, we estimate that
approximately 5 million propagules were released in each replicate
of our highest propagule pressure treatment. We assumed a linear
relationship between the mass of adult reproductive tissue and pro-
pagule output because we know of no Sargassum study that suggests
otherwise. Sterile tissue was added to bags as necessary in order to
bring the total biomass to 350 g. Reproductive and sterile tissue was
mixed in the bags so that the reproductive tissue was well distributed
throughout. This experimental manipulation mimics the level of
propagule input that would occur in an incipient invasion or if a
drifting plant became tangled with attached algae and subsequently
released its propagules.

Recruitment of S. muticum was quantified by counting the
number of S. muticum juveniles that were present in the plots
S months after the experimental invasion, which is the earliest
they can reliably be seen in the field. We resurveyed the plots to
count the number of S. muticum adults present 11 months after the
invasion (just prior to reproductive season) and then removed all
S. muticum from the experimental plots in order to prevent it from
spreading.

STATISTICAL ANALYSIS

We analysed the S. muticum recruitment data using a two-way
ANoVA followed by separate regression analyses on each disturbance
treatment. For the control treatment, we performed a multiple
regression to determine what proportion of recruitment variation
was explained by propagule input and space availability. For the
disturbed plots, which did not vary in the amount of available space,
we carried out a simple linear regression to determine the impact of
propagule input on recruitment. We used the results of these analy-
ses to inform the construction of mechanistic candidate functions
for the relationship between propagule input, space availability
and recruitment. These candidate functions were compared using
differences in the Akaike’s information criteria (AIC differences;
Burnham & Anderson 2002). We then used model averaging, a form
of multimodel inference in which parameter estimates from more
than one candidate function are used jointly to describe the data,
in order to select a parameterized recruitment function for the
S. muticum spread model.

The S. muticum survivorship data did not conform to the assump-
tions of ANOva (even after a number of different transformations)
so we used a non-parametric Kruskal-Wallis test to ask whether
S. muticum survivorship differed in the disturbed and control
treatments. We then fitted five different survivorship functions,
assuming binomial error, to the data to test whether S. muticum
survivorship (number of adults per recruit) was density-dependent.
Because the Kruskal-Wallis test suggested that survivorship differed
significantly between the two disturbance treatments (see Results)
we chose to fit the models to those two treatments separately to test
for density dependence. In addition to type 1 (linear), type 2 (saturating),
and type 3 (sigmoidal) functions, we also fitted a constant survivor-
ship model. These candidate functions were compared using the
Akaike’s information criterion (AIC differences; Burnham &
Anderson 2002).

The numbers of adult S. muticum (after 11 months) also violated
the assumptions of ANOVA (despite transformations), so we used
non-parametric statistics to test two hypotheses: (i) adult density is
independent of disturbance treatment (Wilcoxon Signed Ranks
Test), and (ii) adult density is independent of propagule pressure
treatment (Kruskal-Wallis Test).

MODEL

We used an integrodifference equation (IDE) model to describe the
spatial spread of an S. muticum population. IDE models assume
that the habitat is continuous in space, and that reproduction and
dispersal occur in discrete bouts. The depths inhabited by S. muti-
cum comprise a relatively narrow vertical band, so the spread of the
population was assumed to occur in a one-dimensional habitat. The
model follows two state variables through time. N,(x) is the density
of S. muticum at a location x along this habitat at time 7, and Z,(x)
is the amount of bare rock at x during ¢. The values for these state
variables are determined by functions representing the important
ecological processes in this system. Sargassum muticum density is
determined by the production and recruitment of propagules and by
adult survival. Bare rock is created by benthic herbivore distur-
bances, since herbivores consume native algae and thus alleviate
space limitation. The form of our model is then

Nii(x) = sPP(x),Z(x)) + rN (), eqn 1

Z[+l(-x) = (l - nt(x))gzr(x) + T\/(x)A eqn 2
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P(x) is the number of propagules at location x at the start of year ¢,
and equals the number of propagules produced at x and remaining
near their parent plant plus the sum of propagules from all other
locations within the habitat (with endpoints @ and b) which disperse

b
to x. P(x)is governed by the equation P(x) = L oN,(y)k(x = y)dy.

Each adult produces o propagules and their dispersal is described
by the function k. The function f{P(x), Z,(x)) in equation 1 gives the
fraction of propagules which successfully recruit, given that the
amount of bare rock at location x equals Z,(x) and there is an initial
input of P,(x) propagules. Based on data from the experiment, we
assume that recruitment function has the form f{P,(x),Z(x))=
PUZ(x) + PP P + p3(Z(x) + p,)°° + p,PAx)*], with values for
the p; and methods for fitting this function given in Appendix S2. s
and r are fractions of germlings and adults, respectively, that survive
to the following year. Parameters for Sargassum fecundity and dis-
persal were attained from the literature (Deysher & Norton 1982;
Norton & Deysher 1988) and all other parameter values used in our
simulations were estimated from our own field data. The methods
and results for fitting parameters are given in Appendix S2.

In equation 2, n,(x) is the proportion of the habitat scraped clear
by grazers. If left ungrazed, we assumed that bare rock at a given
location experiences geometric decay, with rate g, as it becomes
utilized by native algae. The parameter 4 in equation 2 is a scaling
constant representing the size of the habitable area at each point x.
We modelled benthic herbivore disturbance in two different ways.
First, we constructed a stochastic model for n,(x) based on our
understanding of the natural history of the system. Second, we built
amore generalized stochastic model for n,(x). In the S. muticum system,
bare rock is generated in small patches when an area is grazed by
molluscs (chitons and limpets), or in larger patches by sea urchin
grazing. Both types of disturbance create bare rock for S. muticum
to potentially exploit, and the disturbance types differ only in their
size and spatial distribution. We assumed that the mollusc distur-
bances are ubiquitous, whereas large urchin-grazed areas are patchily
distributed across the habitat. Due to uncertainty in the exact size
and frequency of these disturbances, we ran simulations over a very
wide range of possible parameter values. In the generalized model for
1n.(x), we allowed disturbances of any size to occur with any degree
of spatial aggregation, rather than requiring large disturbances to be
patchy and small ones to be spread throughout the habitat. Our
methods for drawing values for m,(x) in these simulations are
described in Appendix S3 and summarized in Table C.1 therein.

In our system, native benthic grazers do not eat S. muticum adults
(Britton-Simmons 2004; personal observation), but it is unknown
whether they will consume new S. muticum recruits when they are
very small (e.g. Sjotun ez al. 2007) and hence difficult to avoid
ingesting incidentally. Whether or not disturbance events can
directly cause mortality of the invader can be very important in
determining invasion success (Buckley ez al. 2007). In our simula-
tions, we therefore considered both the case where S. muticum is
never eaten by grazers, and the case where S. muticum is eaten at the
rate m,(x) until it reaches the age of 1 year.

Results

The field experiment showed that recruitment of S. muticum
was higher in plots that were disturbed compared to control
plots (Fig. 1a) suggesting that resource availability limited
recruitment. Increasing propagule pressure led to significant
increases in average S. muticum recruitment in both distur-
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Fig. 1. Number of Sargassum muticum (a) recruits and (b) adults in
field experiment plots (900 cm?). Propagule pressure is grams of
reproductive tissue suspended over experimental plots at beginning
of experiment. The average mass of an adult S. muticum (174 g) is
indicated by an arrow. Data are means + 1 SE (n = 3).

bance treatments (Fig. 1a). Finally, a significant interaction
between disturbance and propagule pressure (Fs,,=3.77,
P =0.01) indicates that the plots in the two disturbance treat-
ments differed in the extent to which they were limited by
propagule availability. Multiple regression analysis of the S.
muticum recruitment data from the control treatment, with
space and propagule input as continuous explanatory vari-
ables, explained most of the recruitment variability (R* = 0.87,
Fig. 1a). This analysis showed that both space (Fig. la, b=
0.703, P < 10*) and propagule treatment (Fig. 1a, b =0.657,
P < 107) had strong influences on recruitment in the control
treatment. Because there was no variation in space availability
in the disturbed treatment, we used simple linear regression
analysis to examine the relationship between propagule input
and S. muticum recruitment in the disturbed treatment
(Fig. la, R*=0.84, P < 10°). The results suggest that in the
absence of space limitation propagule input explains most of
the variability in S. muticum recruitment.

We used these results to create a set of mechanistic candidate
functions for the relationship between S. muticum recruitment,
propagule pressure and space availability (see Appendix S2).
The only candidate models supported by the data (AIC
differences < 4; Burnham & Anderson 2002) show a type 3
(sigmoidal) relationship between propagule pressure and
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recruitment, and either a type 2 (saturating) or type 3 relationship
between available space and recruitment (Appendix S2,
Table B.1). Due to practical constraints on the number of
treatments that could be replicated in the field, we have data
only on very low available space (control plots) and very high
available space (disturbed plots), and insufficient data at
intermediate values to resolve the functional relationship
between space-limitation and recruitment. We therefore used
model averaging (Burnham & Anderson 2002) to combine
our parameter estimates for the two supported models and
used the resulting function to describe space- and propagule-
limitation in recruitment in the simulation model. We also ran
simulations using each of the supported recruitment models
separately. The results from the two supported models and
the averaged model were very similar, so we present results
only from the averaged model.

Survivorship (from 5 months to 11 months of age) of S.
muticum was significantly higher in disturbed plots (U = 76.5,
P <0.05). Mean survivorship (£ 1 SD) in control plots was
3.4% (£ 3.8%), compared to 6.1% (% 2.2%) in disturbed plots.
Our analysis of survivorship as a function of recruitment
density suggests density-independence (Appendix S2, Table B.2),
so we used the mean survivorship across all experimental
plots as the germling survival rate (s) in our model.

Simulations of the parameterized model under various
disturbance regimes reveal several interesting patterns. Using
the disturbance scenario with ubiquitous mollusc distur-
bances and large, patchily distributed urchin disturbances, we
found that a single adult S. muticum was almost always
sufficient to start a successful invasion. This is in agreement
with our empirical observation that propagule input always
resulted in positive recruitment, even in space-poor control
plots. We quantified population growth in our model by
reporting the density of S. muticum after 100 years, averaged
across the invaded area, and we use the length of habitat occu-
pied by S. muticum after 100 years as a measure of invasion
rate. When we assumed that S. muticum was never consumed
by benthic herbivores, both the mean S. muticum population
density and the length of the invaded area increased with both
the mean intensity of mollusc grazing and with the size and
number of urchin disturbances (Fig. 2, solid lines). Changing
the variance in the intensity of mollusc grazing had essentially
no effect (not shown). Unless urchin disturbances were extremely
large and numerous (top 3 lines, Fig. 2g—j), the mollusc graz-
ing had a much stronger effect on S. muticum density than did
urchin grazing.

When we assumed that native grazers eat S. muticum germ-
lings, S. muticum density and the length of habitat invaded
still increased with the intensity of mollusc disturbance, as
long as molluscs grazed less than 50% of the habitat bare
(Fig. 2, dashed lines). Actual mollusc disturbances are typi-
cally much smaller than 50% (personal observation). Indeed,
we note that if all of the bare rock in the experiment’s control
plots was attributed to mollusc grazing, the average grazing
intensity would be only 7.7%. Within the realistic range of
parameter values, then, molluscs facilitate the invasion in the
model even when they consume young S. muticum.

Urchin disturbances that were few and/or small had little
effect on the invasion, but large and numerous urchin distur-
bances decreased the final S. muticum density and the size
of the invaded area when grazers consumed new recruits
(Fig. 2e—j). Sargassum muticum failed to establish when
urchin disturbances were both very large (20-50 m of linear
habitat scraped bare per disturbance) and extremely abun-
dant (100-200 such disturbances per year). These results are
corroborated by the generalized model of disturbance,
which showed that when the total proportion of the habitat
disturbed per year is held constant smaller disturbances
affecting a greater number of locations resulted in the highest
final S. muticum densities and invaded areas (Appendix S2,
Fig. C.1). When these disturbed locations were more clumped
in space, this resulted in a slight decrease in the final size of the
invaded area.

The treatment effects were still apparent when adults were
counted at the end of the experiment (Fig. 1b). Adult S. muticum
density was higher in the disturbed treatment than in the
control treatment (Z=-3.41, P<0.001). In addition,
adult S. muticum density appeared to be positively related to
propagule pressure (Fig. 1b, H; = 16.10, P = 0.006), with high
propagule pressure resulting in a maximum of between 20 and
25 adults per plot (900 cm?).

How was the probability of successful invasion influenced
by propagule pressure? We defined successful invasion of an
experimental plot as the presence of one or more adult S.
muticum at the end of the experiment (11 months after inva-
sion). We consider this a reasonable way to define invasion
success given that reproduction of these adults was imminent
(< 1 month away), survivorship is very high at this life-history
stage (Appendix S2, Table B.3), and both our model and
experimental results indicate that a single individual is capable
of establishing a population. We plotted the proportion of
plots in each treatment combination that were successfully
invaded as a function of propagule pressure (Fig. 3). Because
we had only three replicates per treatment combination the
probability values were constrained to four possible values (0,
0.33, 0.66, or 1.0). In addition, we tested only six levels of
propagule input and therefore have limited capacity to resolve
the details of this relationship. Therefore, we did not attempt
to fit statistical models to these data. In disturbed plots, inva-
sion was certain even at the lowest level of propagule pressure
in our experiment (Fig. 3). However, in control plots the pro-
bability of invasion was less than 1 until propagule pressure
reached a level of 250 g of reproductive tissue, an amount of
tissue greater than the average mass of an adult S. muticum

(Fig. 3).

Discussion

Our experimental results demonstrate that space- and
propagule-limitation both regulate S. muticum recruitment.
Our finding that S. muticum recruitment was positively
related to propagule input is similar to those of two previous
studies (Parker 2001; Thomsen et al. 2006), in which the pro-
pagule input of invasive plants was manipulated. In our control
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Fig. 2. Simulation results using the mollusc/
urchin model for disturbance. The first column
(a, ¢, e, g and 1) shows the mean Sargassum
muticum density (individuals per 900 cm?)
and the second column (b, d, f, h and j) show
the length of habitat occupied (metres) after
100 years. Solid lines are the results when
native grazers never eat S. muticum and
dashed lines are results when S. muticum
recruits (less than 1 year old) are eaten by
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grazers. The x-axis in all plots shows the
average proportion of rock scraped bare by
molluscs. The number superimposed on each
line is the number of urchin disturbances per 500
year (numbers are omitted when the lines
overlap completely or are very close together).
The mean size of these urchin disturbances
increases from the top row (a-b) to the bottom
(i-j) and is printed at the top of each graph.
Error bars, when large enough to be visible,
arex 1 SE (n =100, as averages were taken
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across two values for the variance in mollusc 0 0.25
intensity with 50 replicates each).

treatment space was limiting, a result that has also been found
in previous studies of S. muticum recruitment (Deysher &
Norton 1982; De Wreede 1983; Sanchez & Fernandez 2006).
Consequently, increasing propagule pressure had a relatively
weak effect on recruitment in undisturbed plots (Fig. 1a).
However, when space limitation was alleviated by disturbing
the plots, increasing propagule pressure caused a dramatic
increase in recruitment (Fig. 1a). This suggests that in the
presence of adequate substratum for settlement, propagule
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limitation becomes the primary factor controlling S. muticum
recruitment. These results indicate that S. muticum recruit-
ment under natural field conditions will be determined by the
interaction between disturbance and propagule input.

Only a few previous studies have investigated the effect
of resource supply on the relationship between propagule
pressure and recruitment of an introduced species. Although
disturbance generally increases invasion success by increasing
resource availability (Richardson & Bond 1991; Bergelson
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Fig. 3. Probability of invasion as a function of propagule pressure.
Probability of invasion is the proportion of plots in each treatment
combination (n=3) that contained at least one adult Sargassum
muticum at the end of the experiment. The average mass of an adult
S. muticum (174 g) is indicated by an arrow.

etal. 1993; Levin et al. 2002; Valentine & Johnson 2003;
Clark & Johnston 2005), Parker (2001) found evidence that
disturbance reduced Scotch broom (Cystisus scoparius)
recruitment from seed at all levels of propagule input. This
effect occurred because the native flora actually facilitated
Scotch broom germination, probably by increasing soil mois-
ture and/or nutrients (Parker 2001). Similarly, Thomsen et al.
(2006) showed that in the absence of a water addition treat-
ment establishment of an exotic perennial grass was greatly
reduced, even at high levels of propagule input. Finally,
Valentine & Johnson (2003) found that disturbance facilitated
invasion by the introduced kelp Undaria pinnatifida even
when propagule pressure was high. These studies and our
own work provide empirical evidence that the interaction
between propagule input and the biotic and abiotic processes
that mediate resource availability will be key to understand-
ing patterns of invasion.

Theeftects of the disturbance and propagule pressure treat-
ments that were manifest in the S. muticum recruitment data
persisted until the end of the experiment (Fig. 1b). That adult
S. muticum density was higher in the disturbed treatment
than in the control treatment suggests that disturbance may
increase the population growth rate of S. muticum during the
initial stages of the invasion. Natural disturbances that are
less intense than our experimental scrapings might have a
more modest effect on S. muticum density, but our simulation
results suggest that even small disturbances can play a major
role in facilitating the invasion. Our simulations further
suggest that this effect should persist over long time-scales
(Fig. 2).

In subtidal habitats both biotic and abiotic disturbances
occur, but it is doubtful that they are both relevant to the S.
muticum invasion in this system. Consumption of algae by the
diverse fauna of benthic herbivores in this system (see Methods)
is a common and consistent source of disturbance that is

likely to be relevant to the S. muticum invasion and was there-
fore the focus of our model. Abiotic disturbances are unlikely
to play an important role in this regard because tidal currents
are not a substantial cause of algal mortality in this region
(Duggins et al. 2003) and the inland waters of Puget Sound,
the San Juan Islands and the Strait of Georgia are protected
from the ocean swells that play a key role on the outer coast of
Washington State. Although locally generated storm waves
are an important source of disturbance during the winter
(Duggins et al. 2003), storms during the summer months
when S. muticum is reproductive are rare.

SIMULATED URCHIN/MOLLUSC DISTURBANCES

In addition to enhancing S. muticum recruitment, distur-
bance increased the survivorship of juvenile S. muticum. In
our system, the green urchin (Strongylocentrotus droebachiensis)
creates relatively large disturbed patches and S. muticum that
recruit to these patches probably benefit from reduced competi-
tion with native algae. Unlike other systems where sea urchins
feed on both native and non-native algae alike (Valentine &
Johnson 2005), green urchins do not consume adult S. muticum
(Britton-Simmons 2004) although it is possible that they
incidentally consume new recruits. Studies in other systems
have also reported positive effects of disturbance on the
survivorship of non-native species (Gentle & Duggin 1997;
Williamson & Harrison 2002). In general, disturbance prob-
ably enhances survivorship because it reduces the size or
abundance of native species that compete for resources with
invaders (Gentle & Duggin 1997; Britton-Simmons 2006).
Indeed, our modelling results suggest that even when juvenile
survivorship is reduced by herbivory, the net effect of grazers
is still usually positive (Fig. 2).

The simulation model suggested that not all disturbance
agents have equivalent effects on space-limitation. Small bare
patches throughout the habitat facilitated S. muticum spread
(Fig. 2 and Appendix S3, Fig. C.1) by increasing the amount
of bare rock near any given reproductive adult. Molluscs are
ubiquitous in these subtidal habitats and although they
typically create very small disturbances, the model suggests
that this is sufficient for S. muticum to successfully invade,
even in the absence of other disturbance agents (e.g. urchins
and humans).

Urchins create much larger open spaces, but urchin distur-
bances could not be used by settling propagules unless a
reproductive adult happened to be nearby or a long-distance
dispersal event occurred. When there are many urchin distur-
bances in a year, the chance that such a disturbance occurs
near an S. muticum adult increases and, because long-
distance propagule dispersal is rare, this greatly enhances
the likelihood that a propagule will reach the disturbed area.
Accordingly, small numbers of urchin disturbances in our
model did not affect the spread of S. muticum (Fig. 2a—d), but
numerous and sufficiently large disturbances did (Fig. 2e).
Washington State is at the southern end of the green urchin’s
range in the eastern Pacific and at the majority of sites in the
San Juan Islands this species is absent or at relatively low
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abundance. Consequently, molluscs are probably the most
important source of disturbance for S. muticum in this region;
green urchins may be a more important disturbance agent in
more northerly portions of its range (where it reaches higher
densities). That urchin disturbance was not necessary for suc-
cessful invasion by S. muticum in the model is an important
result because S. muticum has invaded many areas in this
region where urchins are absent. Indeed, urchins avoid areas
where S. muticum is present (Britton-Simmons 2004) and
since this effect was not included in the model, urchin distur-
bances probably contribute even less to S. muticum spread
than our simulations suggest.

PROPAGULE PRESSURE AND INVASION SUCCESS

How much invasion risk does a given level of propagule pres-
sure pose? Previous studies have demonstrated a positive rela-
tionship between propagule pressure and the establishment
success of non-native species (Grevstad 1999; Parker 2001;
Ahlroth et al. 2003; Cassey et al. 2005). However, we know
very little about the relationship between establishment prob-
ability and propagule pressure or the factors that affect it
(Lockwood et al. 2005). Possibilities include a linear relation-
ship (Lockwood et al. 2005) as well as more complex relation-
ships containing thresholds or other non-linearities (Griffith
et al. 1989; Ruiz & Carlton 2003; Lockwood et al. 2005;
Buckley et al. 2007). Our experimental results suggest that the
relationship is non-linear (Fig. 3). Indeed, all communities in
which abiotic factors do not preclude invasion are probably
vulnerable to invasion such that above some threshold level
of propagule input successful invasion is a virtual certainty.
Consequently, this relationship must be nonlinear because by
definition it saturates at a probability of one. In our system
disturbance appeared to reduce the level of propagule pres-
sure necessary to ensure invasion success. However, even control
plotshad a high probability of invasion once the level of propagule
pressure exceeded that produced by an average adult S. muticum.
Unfortunately, the limited number of treatment levels in our
experiment constrains our ability to resolve the details of this
relationship. Nevertheless, in the control treatment there was
some evidence of a threshold level of propagule pressure
below which invasion was very unlikely to occur (Fig. 3).
Our model reflects what we believe to be the most impor-
tant factors limiting invasion success (propagule-limitation
and competition for space) but other factors we did not
include in the model, such as stochastic mortality, density-
dependent mortality of adults, competition with native species
for resources besides space (e.g. light, Britton-Simmons 2006)
and abiotic conditions, could constrain S. muticum’s distri-
bution and abundance in the field. Empirical studies have
demonstrated the importance of biotic resistance in regulat-
ing invasions (see reviews by Levine & D’Antonio 1999;
Levine et al. 2004) and the community that S. muticum is
invading is no exception (Britton-Simmons 2006). However,
some authors have suggested that propagule pressure has the
potential to overcome biotic resistance (D’Antonio ef al.
2001; Lockwood et al. 2005). Levine (2000) found that seed
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supply overpowered biotic resistance that was generated by
plant communities at small spatial scales (18 cm x 18 cm). A
more recent terrestrial experiment also reported that pro-
pagule pressure was the primary determinant of invasion
success, overwhelming the effects of other factors, such as distur-
bance and resident diversity, which were concurrently manip-
ulated (Von Holle & Simberloff 2005). However, ‘propagules’
in that study were seedlings transplanted into experimental
plots and seedlings may not be regulated by the same factors
as seeds, which are the life stage responsible for invasion
spread in natural systems. Nevertheless, if propagule pressure
can indeed overcome those factors that were not included in
our model then one might ask why S. muticum has not com-
pletely taken over the shallow subtidal zone in this system, as
our model predicts under most disturbance regimes. Interest-
ingly, whether S. muticum is indeed in the process of doing so
is not entirely clear. There are very few areas in the San Juan
region where S. muticum is completely absent at the appro-
priate depths (personal observation), yet at many sites S.
muticum is currently at low abundance and it is unclear
whether these sites represent incipient invasions or whether
something is inhibiting local population growth.

Conclusions

In our system, neither disturbance nor propagule input alone
was sufficient to maximize invasion success (i.e. establishment
probability and invader population density). Increasing prop-
agule pressure had relatively little effect on total recruitment
in control plots (Fig. 1a), though at high levels it ultimately
overcame space limitation and ensured successful invasion
(Fig. 3). However, even at high levels of propagule input, final
S. muticum density was low in the absence of disturbance
(Fig. 1b). Based on our experimental results alone, we might
have predicted strong effects of both molluscs and urchins on
the S. muticum invasion in the long term. However, the simula-
tion model suggested that these two natural disturbance
agents should have different effects on long-term invasion due
to differences in the spatial structure of these disturbances.
The model results demonstrate that caution should be exercised
when extrapolating the results of short-term disturbance
experiments over longer time intervals. In this marine com-
munity invasion success was co-regulated by propagule pressure
and biotic resistance. Our results underscore the importance
of considering interactive effects when making predictions
about invasion success.
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