APPENDIX S1
1 Supplementary methods

1.1  Formulation of Growth Medium

This mediumwas originally formulated by Docaué@Pocauer 1983)o approxmate the

buffering system (bicarbonatg)H (6.5),conductivity (440 |$/cm), and nutrient contents of

natural watergontainingLemna minorandSpirodela polyrhizaBe | ow, we r epr oduce
original famulation from his dissertation.

Stock Stock per Final media
concentration liter media concentration
Compound g/L mL mg/L mM
Ne:EDTA 20.00 2.0 0.107
NaNQGs 25.00 2.0 82N 0.586
KoHPOy 3.68 1.0 1.3P 0.042
KCI 50.00 1.0 26.0K 0.671
CaCb 25.00 2.0 18.0 Ca 0.450
MgSQxA Dt 37.50 0.5 13.5 Mg 0.555
Micronutrients See below 1.0 See below
NaHCGs 60.00 1.0 48.0 HCQ 0.785
Micronutrient stock:
Stock Final media
concentration concentration
Compound g/100 mL mg/L mM
FeSQA OH 0.995 2.0 Fe 0.036
MnCl A OH 0.072 0.2Mn 0.004
NaMoOs A DF 0.044 0.1 Mo 0.001
H3BOs3 0.057 0.1B 0.009
ZnSO, A sDH 0.044 0.1 Zn 0.002
NaeEDTA 2.000 0.054
Mix the following separately and add 1 mL per 100 mL micronutrient stock:
CuSO A ®H 0.004 0.0001Cu 0.0000016
CoCkA ®H 0.400 0.01Co 0.0017
NaeEDTA 0.400 0.0010

“Slowly addNaHCGs while bubbling to desired pH; 1.0 mL gives pH 6.5.

We used MilliQ ultrapure water as thaseof our media. Stock solutions are added in the
order they appear to avoid precipitation. The sodium bicarbonate is added last. At this point, the
medium is supsaturated with C@and is therefore more acidic than it would be when at
equilibrium with air. Taremedy this, the solutios vigorouslybubbledwith air for 30 minutes



until the pH stabilizes at 6.3he solution is then autoclaved and can be used éovth
experiments.

1.2  Specifying the Inter- and Intraspecific Competition Function

To choose the appropriate functional form of our population dynamic models, we needed to
appropriately specify a speciesd auad owth respo
heterospecifics, and the interaction of these responses with the environment. For notational
simplicity, we remove the time)(subscripts but note that all states and parameters save

mortality rates can be timeariant. For our duckweed model withgetative ) and dormant

turion (§) stages and variable temperatufEs we can model the total population growth rates

by summing the turion and vegetative fpdpulations:
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where’Q H) describes the strength of irgpecific(whenj=k) and intespecific(whenj, k)
competition Wecompared related forms fd® H) :the standard Lotk¥olterra

competition mode(MacArthur 1970) and versions modified with leansformed abundances
(Turchin 2003) Likewise, a subset of models allowed for covariation between ambient
temperature and the interactiorrgmeters. For two specieSpirodelaandLemna our models
took the general form:
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which, when combined with eg. S.1 and rearranged, yields®r regression equation
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Here,the regression coefficientd§ s ) r el at e t o s.tShreS.2aefellows: ci ent s
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We assume that the scaling paramaeieris equal to one for both species. This
simplification did not significantly change our parameter estimates, as these values were very
close to 1 for populations during most census periods. We then used our empirical estimates for
‘ "Y andda to solve for the model parameters. For convenience, thermal responses of
competition parameters were assumed to be linear functions of temperature whefere
competition coefficients at average ambient temperathere,0 C)ande are he
temperaturalependent slope parameters in “Y. While this assumption has some empirical

support(reviewed in Amarasekare and Coutinho 201v¥g note that our sampling design did not
permit the recovery afonlinear omon-monotonic response surfaces. Regressiodels were

fit to data from the fluctuiang environment experiment using least squares (Im) in R (ver. 3.3).
Bestfitting models were selected based on coefficients of determind&fpre ultimately
selected model 4, with legansformed populations and temperatdependent competition for
our speciesnteractionterm Parameters and fit statistics for each model are presented in table
S2.

1.3  Quantifying the temporal storage effect

The temporal storage effe@@hesson 1994% one of two potentidluctuationdependent

coexistence mechanism&/e used the Monte Carlmased approach introduced Bineret al

(2016)to quantify the contribution of the temporal storage effect tov a pee aqaggtagrowth

rates in fluctuating environments. This technique begins by defining a function that describes
speciesd growth r at es -dependdt garametertpahd campetidBon vi r o n m

parameterC;. Many formulations fofQOR are possible, but here we use
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where

~ ~

O * Yhd6 p | YO | YO, QQ (S.7

Using these equations, we generated environmental sequent@of@cross a range of
different average temperatures and amplitudes by simulating the dynamics of a resident species
in monoculture and saving its model parameters and states at each time step once it had reached
equilibrium with its environment (i.elf 1. These values were then used to calculate both

S p e c i eterrd avérage rgsident and invasion growth rafesandi [, respectively,

wherei[[ M1 0 .Because a storage effect requires nonzero covariance bé&weeand

0 0,its contributi on t(andtherefore coexstdnea) i6 mopatiomaa h r a't
the contribution oA T O t o t he i nv adi§rToemoyetewsignaturecht e,

AT 'OR fromil , we generated a second vector ofiemmental parameter§f’ o, by

randomly subsampling without replacement from the origiha) vectors. This step makes

‘O'andé independent of one another, and allows us to estinfateM i ™ 6 . With these

values, we estimated the ¢ohution of the storage effecf’(Q to the growth rate of invading

speciesi([’ using the equation



Yo ir nirl if nif n (S.8)
wherer] are speciespecific scaling factors relating to the relative sensitivity to competition

experienced by resident species compared to the invading s(@leesson 1994)'hese scaling
factors can be estimated by defining new environmental and competition parsineteds :

E "QOmM* hC QO h (S.9)
whered” andO’ equal their baseline (i.e., mean or median) values. Thus, for our model, by
definingd ¢ Y, we arrive at

C 0a * Yp | YII&®& p | YIITE& p . (S.10)

Finally, we used a regression approach outlindéllimer et al (2016, Appendix S1ip
estimate the scalinggpr amet er s . For t(1984, 20Q0gebnitiensof,theseh e s s on 6 s
paramegrs is given by the equation

R —8 (S.11)

This partial derivative can be estimated by evaluating the slope of a nonlinear regression
(here, a smoothing spline) 6f 6 onC 0 atC TU

We used this approach to identify thermal regimes where the temporal storage effect
rescues a species from competitive exclusion by satisfying the inequality

n i[ YO8 (S.12)

We also identified regions where the storage effect was overall positive but not greater
t han an i nv a dnghis@iwatianrthe stordgefettapdsiavely contributes to
coexistence, butannot be considerdte sole operating coexistence mechanism.



2 Supplementary Tables

Table S1.Model selection results for duckweed growth rates in monoculture and competition.
Candidate models are listed for each experintgoided models denote best fits based on
parsimony, BIC, ané?. Temperatures and frequencies were centered at their medlias va
prior to fitting.

Environment Model form BIC DBIC® R?
Static i X p Dt 0 QI @R QQA 690 319 O
temperatures | x 0D A A GSpirodela = 1) -690 319 0.02
(monoculture) | x3 OAI DbAOAOGARIN PAOAO( -938 70 0.60
n=72 g @ AR CHHL MTHEA H -1009 0 0.70
Static ix p Q& 6QI GRMID QQA -697 142 0
temperatures 1 O P A AF Gprodela = 1) -694 145 0.01
(competition) 1x 3 OAI PAOAOOGAA PAOAOOOA  -830 9 0.63
n=40 1 A R THITUHL T UED CHO -840 0 0.67
ix3 4 4 & 3 & -837 3 067

Fluctuating i X p"QEO'Q GRMIND QQa -2296 797 0
temperatures | x 0D A A Ggrodela = 1) -2295 798 0.01
(competition) 1 x 3 AAT 6BOE A -3039 54 0.80
n=55 g X8 A THUHL I HD "HO -3091 2 083

i x3 # & OOOBADI(MWRANRes=1) -3093 0 0.83

i x3 # & 42 3 & -3087 6 0.83

i x3 # & 42 3 42 -3001 1 083

i x3 # & 42 3 & 3 42 -3085 7 0.83

*Models withDBIC ¢ 4 were considered welupported, anffom these, we favoreithe model with the smallest number of parameters.



Table S2.Mean parameter estimates and fit statistics for ourdomrpetition models where the
response variabl e i srj. &he papametdr e'¥@nd/t oYX aaelthegr owt h

estimates for intraand interspecific competition parameters at average temperaturés)(20
respectively. The phj( ) parameters indicate the predicted change in competitiod (s ) wi t h

an increase or decrease ofC from the average.

Model form Species a- a- gl T /=g R2
Spirodela  7.273 10° 3.993 10° n/a nfa 0.55
1 Y p | 0 a
Lemna 5.153 10° 5.833 10° n/a na 0.61
. Spirodela  1.14% 10* 6.383% 102 n/a na 0.73
2 Y p | 11T p a
Lemna 1.07% 10' 6.163% 102 n/a na 0.76

Spirodela  1.233 10° 6.86% 10* 4.803 10° 2.083 10° 0.56

Lemna 8.233 10* 8.86% 10* 3.013 10° 3.503% 10° 0.62

Spirodela  1.073 10 6.463 102 6.223 10° 3.09% 10° 0.77
4 C Y p | YI T »p &
Lemna 1.013 10* 5.913 10? 6.343 10° 3.043 10° 0.80




Table S3.Parameter values for duckweeampetition model. Unless otherwise noted, values are
empirically derived from monoculture and competition experiments.
Parameter  Description Speciesj Value (° 95% ClI)

Spirodela 38.93 ¢ 0.89

Speci esd maxi .

Tmaxj
temperature for growtted. 2) | amna 36.82 ¢ 1.43)
Spirodela . .
o Speciesd minii P 2:56( 4.59
min, j
for growth(eq. 2) Lemna 0.00 ¢ 4.0
Spirodela .603 10°(° 4.333 109
c Scaling constant for thermal P 1.60° 10°(* 4.332 109
]
growth modeleq. 2) Lemna 2.18% 10° (° 6.273 109)
Temperature at which 50% of Spirodela 15°C
Ta, growth is devoted to turions
(eq. 3) Lemna n/a
Temperature at which 50% of Spirodela 25°C
Tgii turions germinate at 20 days
9i g Y
(eq. 4) Lemna n/a
. . Spirodela 0.1069 ¢ 0.016
v Intraspecific competition
a v parameter (at 20C) (eq. S.5
g Lemna 0.1005 ¢ 0.015
Spirodela
PR Interspecific competition P 0.0646 T 0.009
parameter (at 20 °GEeg.S5) Lemna 0.0591 ¢ 0.010
Spirodela .223 103 (° 1.932 10°
. Effect of° 1°C temperature P 6.22° 10°(* 1.93° 107
change orzj (€q.S5) Lemna 6.34% 10° (° 1.73° 109
Spirodela 3.093 10°%(° 1.123 10°
. Effect of° 1°C temperature P ( )
Change Omjk (eqS5) Lemna 3043 10—3 (o 1103 10—3)
Speci es percapite r ¢ SPirodela  0.0134(° 7.46% 10
m mortality rate (eq. 5)
Lemna 0.0107(° 6.863 10

" Values fromDocauer (983)



3 Supplementary Figures
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Figure S1.(a) Geographic ranges bEmna minolandSpirodela polyrhizan the
Americas show broad, but not complete overlap (note: both species oceuagiaEand
Africa, as well). (bf) Multiple independent lake and pond surveys showlthatinoris
frequently encountered in the absenc& gbolyrhizaput S. polyrhizararely occurs in
the absence df. minor.Data sources are as follows: Minneséfiaithukrishnan Ranjan
et al. (2018)Florida, Alahuhta et al. (2017 onnecticutMcCann (2015)and SE
Michigan,Docauer {983) Range maps were obtained from the BIEN 3.0 database
(Enquist et al. 2016)
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Figure S2.Population dynamics for duckweed cultures in fluctuating temperature
experimentGraph is faceted to more clearly display individual cultures.
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Figure S3 Low-abundance growth responses of each duckweed species when grown in
media preconditioned by either conspecifics, heterospecifics, or a mixture of both. With
the exception oLemnagrowing in media conditioned Bpirodela there is no
significant effectofpre ondi t i oni ng on speciesd6 growth ra
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Figure S4 Plot of observed wsus modepredicted growth rates (from table S2) for each
species. Perfect 1:1 relationship is denoted by the dashed black line.
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Figure S5 Plot of coexistence outcomes in static temperatures as a function of niche
overlap,p " "Y (eq. 6), ancompetitive advantage ratiofQ * ¥

‘ | | A | ,where temperature indicesedroppedfor notational simplicity

(for details seeBarabas et al. 2018)his ratio compares thgerformance of bothpecies
in the absence of coexisteAgmmoting mechanismgoexistenceccurs wherp

Y QUYYFQTY  p " 'Y asillustrated by the shaded regid®oints denote
where on ths planeSpirodelaLemnacommunitiedall at particular static temperatures,
illustrating how coexistence critically depends on ambient temperature.
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Figure S8 lllustration of covariance between environmental responseéhenstrength of
competition for (aSpirodela polyrhizand (b)Lemna minorOverall, these values
remain close to zero for both species in most environmiglase positivecov(g,C)
values willincrease the strength of the storage eff€hts is consisterwith our
observation that thiargeststorage effects for both species occurred at low temperatures
and intermediatéo-high amplitudes.
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Figure S9 lllustration of subadditivity between environmental that response and

competition for (ajSpirodela pojrhizaand (b)Lemna minorLines represent values

obtained from oscillating equilibria in the standard interspecific competition model (eq.

5). Models were fit to static environments with both species at starting densities of 1.

Results are robust to tlaeldition of temperature fluctuatioridote that theX-axis is

reversed to illustrate that the impact of competition increases from left to right. These
results imply that the i mpacts of competiti oo
temperaturesmoveawa f r om speciesd6 opti ma.
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