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1 Solutions to DAGA

1.1 Sufficient Conditions for Finite Moments Under DAGA

In this section we investigate the conditions under which the trait mean ¥(t), trait variance ¢2(t) and
abundance N(t) remain finite for finite time ¢ > 0 when they evolve according to DAGA.

The growth rate expression (v, x) is actually shorthand for the more accurate expression m ((Kv)(x, t), x)
where K is an operator that accounts for nonlocal effects, such as resource competition, on growth rates
(Champagnat et al., 2006; Volpert, 2014). In particular, we consider operators of the form (Kv)(x,t) =
Jg €(x — y)v(y, t)dy for some non-negative and bounded function x. Hence, Kv is a non-negative function
whenever v is a non-negative function. In particular, this implies m is actually a bivariate function of two
real numbers i > 0 and x € R. To ensure existence and uniqueness of solutions to DAGA, we assume
the existence of R € R such that m(h,x) < R across all h > 0 and x € R along with a twice continuously
differentiable and integrable initial condition u(x) that satisfies

0< /R(|x| + x2)u(x)dx < +co. (SM.1)

In particular, this implies finite initial moments N(0), |£(0)|,¢?(0) < +oco and positive initial abundance
and trait variance 0 < N(0),?(0). Following DAGA, we consider the Cauchy problem

v(x,t) = m(v,x)v(x,t) + 5Av(x,t) t>0
{ v(x,0) = u(x) t=0. (SM.2)
We assume the operator F defined by v(x, t) — m(v, x)v(x, t) is locally Lipschitz continuous. This implies
that, given two abundance densities 17 (x), v,(x) with total abundances Ny = [v;(x)dx, Np = [ vp(x)dx
and a positive number M > 0, there exists a constant Ly > 0 depending on M such that when Nj, N, < M,
then

/IR [m(vq, x)v1(x) — m(vy, x)va(x)|dx < Ly /R [v1(x) — va(x)|dx. (SM..3)

To be specific, we define the domain of the Laplacian as D(A) = C%(R) N L!(R) with the norm ||o|| =
Jg [v(x)|dx and define F as an operator on D(A). That is, F acts on functions that are integrable and twice
continuously differentiable. Then Theorem 2.5.6 of Zheng (2004) implies for some maximal T > 0, the
Cauchy problem (SM.2) admits a unique classical solution v(x, t) for t € [0, T). This implies the solution
v(x,t) is continuously differentiable with respect to t and twice continuously differentiable with respect to
x for all t € [0, T). Furthermore, Theorem 2.5.6 of Zheng (2004) implies either T = +oc0 and N(t) < +oo for
allt > 0or T < +o0 and limy7 N(t) = +o0. The latter case corresponds to the notion of "blow-up".

In this section we show that our assumptions on mutation, initial conditions and growth rate, m(h,x) < R
for all h > 0 and x € R in particular, implies T = 400 and N(t) < +oo for all + > 0. Replacing m with
the upper bound R € R, PDE (SM.2) reduces to a simple parabolic equation that can be solved using
elementary techniques (Farlow, 1993). In particular, when m(h, x) = R = 0 we denote the solution to (SM.2)
by vo(x,t). Then, denoting

exp (—x2/2put)

P(x,t) = N (SM.4)
we have
vo(x,t) = /]RCD(x —y, tHu(y)dy. (SML5)



In the more general case, when m(v,x) = R € R, equation (SM.2) has the solution vg(x,t) = eRfvy(x, t).
Hence, vg(x,t) > 0 for all x € R and [ vg(x,t)dx = eR*N(0) < +oo for all t > 0. Furthermore, denoting

Nr(f) = /]R VR (x, )dx, (SM.6a)
pr(x,t) = vr(x,t)/Nr(t), (SML.6b)
xR () = /]R xpr (%, 1)dx, (SM.6c)
R (t) = [ (x = TR(1)*pr(x O, (SM.6d)
we have
tr(t) = [ x [ ®(—y,)pr(,0)dydx = [ ypr(y,0)dy = %(0), (SM.7)

o) = [ (r=(0)? [ @(x—y,Opr(y,0dydx = [ ((v=5(0))?+pt) pr(y, 0)dy = 0*(0) + pt.
(SM.8)

Hence, |Xg(t)|,03(t) < +oo for all + > 0. For the sake of contradiction, suppose there exists x € R and
t > 0 such that v(x,t) > vr(x,t). Then

t t
v(x,t) —u(x) = /0 m(v,x)v(x,s) + gAv(x,s)ds > /0 Rvg(x,s) + %AVR(X,S)dS =vr(x,t) —u(x) (SM.9)

which implies there exists & > 0 and x € R such that m(h, x) > R. But this contradicts our assumption
m(h,x) < R for allh > 0 and x € R. So we have v(x,t) < vg(x,t) for each x € R and t > 0. This implies
that, for all t > 0, N(t) = [p v(x,t)dx < 400 and

0 §/ x*v(x, t)dx §/ x?vg(x,t)dx < +oo. (SM.10)
R R

Furthermore, since v(x, t) is a classical solution of Cauchy problem (SM.2) and since we assumed N(0) > 0,
we conclude N(t) > 0 for all finite ¢ > 0. Hence, for each ¢ > 0,

0<?(t) + #(t) = Nl(t) /]szv(x,t)dx < H-00. (SM.11)

1.2 Equilibrium moments for a population experiencing logistic growth and stabiliz-
ing selection under DAGA

Here we show, under DAGA, the population moments N, X and a2 evolve to the following asymptotically
stable equilibrium

N = (R~ 3vap), (SM.12a)
£=0, (SM.12b)
=/t (SM.12¢)



given the initial condition N(0) > 0 and growth rate

m(v,x) =R — %(9 —x)? - c/]Rv(y,t)dy =R- %(9 —x)%2 —cN(t) (SM.13)

that satisfies € R, a,c,4 > 0 and R > %, /ua. Following equation (SM.13), mean fitness becomes

m(t) = R—%[(G—f(t))2+az(t)] — cN(b), (SM.14)

and the ODE for N(#) becomes

d

SN = {R 2 [(9 —2(5)* + az(t)} — cN(t) }N(t). (SM.15)

2

Solving for equilibrium total abundance N amounts to setting 4 N(t) = 0 and solving for N(t). Ignoring
the equilibrium N(t) = 0, this reduces to solving 1 (t) = 0 for N(t), which, assuming finite equilibrial X
and 02, returns

o 1 a N2 D

N_E{R E[(9 %) a” (SM.16)

Unfortunately, deriving ODE for %(t) and ¢(t) leads to expressions involving higher moments and finding
ODE for these higher moments will lead to expressions involving yet even higher moments. To avoid this
infinite regression, we find the equilibrium abundance density 7(x) by solving %v(x, t) = 0 for v(x, t). This
implies the following ordinary differential equation

d* . 2. a , 2R\ .
which has the solution
A 1
v N [a\*® a(8—x)?
?(x) = E <V> exp (— ﬁ 5 > . (SM.18)

From this expression we infer ¥ = 6 and 62 = \/g Hence N = % (R - % ay).

To show this equilibrium is locally stable, we use linear stability analysis. Since 7(x) is Gaussian, we do not
run into the same issue with higher moments as above. Furthermore, following equations (23) of the main
text, ODE for %(t) and ¢(t) can now be expressed as

%x(t) — (1) (%’)’:((:)) - 3’)’:((:)) ) — ac?(1)(0 — x(t)), (SM.19)
%Uz(t) =204 (t) <§Z((?) - g:;ig) +u = p—ac’(t). (SM.19Db)

These expressions confirm our findings that £ = 6 and 6% = \/g . Furthermore, calculating

0% (t) = —2ac?(t) (SM.20)




and evaluating at 0%(t) = ¢? demonstrates the equilibrium phenotypic variance is stable when a, u > 0.
Hence, calculating

o 4
ox(f) dt

x(t) = —ac?(t) (SM.21)

and evaluating at ¢%(t) = 62 and %(t) = % demonstrates the equilibrium phenotypic mean is stable when
a,yu > 0. Finally, calculating

E)Z\?(t);fN(t) = R—2[(0— (1) +o2()] —2eN(1) (SM.22)

and evaluating at ¢?(t) = ¢2, ¥(t) = ¥ and N(t) = N demonstrates the equilibrium total abundance is

stable when a,c, 4 > 0, and R > %. /ajl.

2 Space-Time White Noise

Here we introduce some heuristics for performing calculations with respect to space-time white noise
processes. We then compare these heuristics to results rigorously presented by Da Prato and Zabczyk
(2014).

2.1 Heuristics for the White Noise Calculus

We define .43 as the set of stochastic processes f(x,t) that are continuous in t and satisfy
E ( fot JrIf (x,s)|2dxds) < +oo for each t > 0. The operator E denotes expectation with respect
to the underlying probability space. For each t > 0 we set

Ifll: = \/JE (/Ot/]R |f(x,s)|2dxds>, (SM.23)

and make use of the convention f = g if ||f — g|| = 0 for all ¢+ > 0. Since the abundance density process
v(x, t) satisfying SAGA is continuous in ¢ and integrable with respect to x for each t > 0, it also satisfies
V/V € 5. This enables us to utilize the heuristics developed in this section for the calculation of SDE
describing the stochastic dynamics of N(t), %(t) and ¢?(t). To begin developing these heuristics, we
introduce a generalized process that captures the essence of space-time white noise in a mathematically
tractable format.

We define a generalized stochastic process W that maps processes f € .45 to real-valued stochastic processes
indexed by time ¢ > 0, but not by space. To evaluate W for a process f € .4, and some time t > 0 we write
W (f). Specifically, for any f,g € .43, we define W(f) and W(g) to be Gaussian processes satisfying, for
any t,t1,tp > 0,

E(W:(f)) = E(W(g)) =0, (SM.24a)

C(Wy(f),Wi(g)) =E </0t1/\t2 /]Rf(x,s)g(x,s)dxds> , (SM..24b)

where ) A t; = min(t1, ;) and C denotes covariance with respect to the underlying probability space. In
particular, denoting V the variance operator with respect to the underlying probability space, we have
V(Wi(f)) = ||f||? forallt > 0and f € 5.

The operators [E and C are to be distinguished from expectations and covariances with respect to phenotypic
diversity such as X and Cov(m, x). In particular, since we model phenotypic diversity as a random process,



the phenotypic moments ¥ and Cov(m,x) are random variables and E(x), E(Cov(m,x)) denote the
expectations of these random variables with respect to the underlying probability space.

Since Gaussian processes are characterized by their expectations and covariances and since we assume
the .45 processes are continuous in time, the processes W(f) and W(g) are well defined. As an example,
if f € 4 is independent of time, then W(f) is a Brownian motion with variance at time t > 0 equal to
[£117 =t E( g f*(x,0)dx). With the generalized process W defined, we define the space-time white noise

W (x, t) implicitly via the stochastic integral

“ /Of/ﬂ{f(x,s)W(x,s)dde” =Wi(f), YV fe M t>0. (SM.25)

We place quotations in the above expression to emphasize its informal nature and that it should not be
confused with classical Riemann integration. Using this informal notation, equations (SM.24a) and (SM.24b)

can be rewritten as
t .
E ( / / f(x,S)W(x,S)dxds> =0, (SM.26a)
0 JR

t ty 1Aty
(/ /fxs xsdxds// X,s) xsdxds) / /fxs (x,s)dxds. (SM..26b)

To relate these formula to the common notation used for SDE, we write

R f(x,t) N R .
f(x,t) = —=—="——= and dW(f) = flx, t)W(x, t)dx ) dt (SM.27)
Ik Py 0=(k )
so that
/ AW, (f) = / / \/fsz W(x, s)dxds. (SM.28)
This implies

E (/Ot dWs(f)> —0,C (/Otl dWs(f),/Otz dWs(f)) —hAb (SM.29)

and in particular, as a function of ¢, fot dW;(f) is a standard Brownian motion for any f € .45. Hence,

dW(f) is analogous to the traditional shorthand used to denote stochastic differentials. Thus, equation
(SM.26b) effectively extends Itd’s multiplication table to Table S1.

Table S1: An extension of It6’s multiplication table.

X AW, (f) AW, (g) dt
AW (f) | dt ( Je fx, 08 (x, t)dx) 0
AW,(g) ( Je flx D8 (x, t)dx) it dt 0
dt 0 0 0




The extension of [td’s multiplication table and properties of white noise outlined in this subsection provide
a useful set of tools for working with SPDE. In SM §3.4 we employ these tools to derive SDE that track the
dynamics of abundance, mean trait and phenotypic variance of a population from a particular SPDE. In the
following subsection, we show how our heuristics of space-time white noise relate to results rigorously
presented by Da Prato and Zabczyk (2014).

2.2 Comparing the White Noise Heuristics to the Infinite-Dimensional Stochastic
Calculus of Da Prato and Zabczyk (2014)

Our above approach is inspired by the treatment provided in §4.2 of Da Prato and Zabczyk (2014). Here the
authors develop a stochastic integral of operator-valued processes. In particular, they consider processes
indexed by time t > 0 valued as Hilbert-Schmidt operators ®(f) and, denoting ®*(t) the adjoint of ®(f),
define the norm

D = \/]E (/Ot Te[d(s) D (s)}ds), £> 0. (SM.30)

In our case we only consider the so-called multiplication operators. That is, processes that consist of
operators ®(t) having the form ®(t)g(x) = ¢(x,t)g(x) such that ¢(-,t) € L?>(R) a.s. for each t > 0. In this
case @(t) = ®*(t) and

t o,
[®lle = lloll: = \/IE (/0 ./]R <p2(x,s)dxds>, t>0. (SM.31)

Da Prato and Zabczyk (2014) form the space 4;2(0, T) of Hilbert-Schmidt operator-valued predictable
processes @(t) that satisfy | ®||7 < +oo for some T > 0. This corresponds to our more specialized space .43
that consists of L?(IR)-valued processes ¢(x,t) such that ||¢||; < +oco for all > 0. In their treatment, W (t)
plays a similar role to our generalized process W;. For ® € .#;2(0, T), they denote the stochastic integral
for t € [0, T] by @ - W(t). Hence, for ®(t)g(x) = ¢(x,t)g(x) as above, W¢(¢) = @ - W(t). The authors then
prove the following:

Proposition 4.28 Assume that ®1, P, € 4Z(0, T). Then
E(®;- W(t)) =0, E(|®;-W(t)|]?) < 400, Yt [0,T].
Corollory 4.29 Under the same assumptions as Proposition 4.28,

tAs

C(D1-W(t),Py-W(s)) =E </0 Tr[d>2(r)cbf(r)}dr) , Vt,sel0,T].

Simplifying these expressions for the multiplication operators described above returns equations (SM.26a)
and (SM.26b) above.

3 From Branching Processes to SDE

3.1 Calculating the Deterministic and Variance Components of Offspring Number

Here we provide calculations used to obtain results on the mean and variance of offspring number and
birth/death rates mentioned in §2.3 of the main text. In particular, since we set the expected reproductive



output at the k-th stage of rescaling to w®) (X, x) = w'/¥(X, x), the associated variance in reproductive
output will be

v (X, x) = Y (- KX, 202 F9 (X ), (SM.32)
=0

where fj(k) (X, x) is the probability that an individual having trait value x in a population with state X gives

birth to j offspring in the k-th stage of rescaling. In particular, under the Poisson model of demographic
stochasticity we have v%k) (X,x) = w/¥(X, x). Under the birth-death model we can use the relationship

wl/k(X,x) = 2f0 (X, x) = 21 = £V (X, x)) to find
Vi (X, %) = 20/ *(X, x) — w?*(X, x). (SM.33)

Following our assumptions in §2.3 of the main text, a result of Méléard and Roelly (1992, 1993) implies we
can compute the reproductive variance in the diffusion-limit as

V(Z,%) = p(2,%) lim [v%k)(X(k),x) + (R (x®), x) — 1)2} . (SM.34)

In particular, both the Poisson and birth-death models of demographic stochasticity imply V (2", x) =
p(Z, x).

This is not always the case. In particular, assuming binomially distributed number of offspring with proba-
bility parameter u(X, x), similar calculations show V (2", x) = p(2", x)(1 — u(2", x)). Hence, alternative
models of demographic stochasticity may lead to novel forms of noise-induced selection. However, for the
sake of simplicity we ignore this in the main text.

Aside: To compute the results of this section, it is crucial to note that in Méléard and Roelly (1992, 1993)
IN = {0,1,...} as opposed to the more common convention N = {1,2,... }.

3.2 Simulating the Rescaled Process

In this section we describe an approach to simulating rescaled individual-based models. We follow the basic
model structure and notation outlined in §2.3 of the main text. We assume offspring number at branching
events are Poisson distributed and a constant branching rate across all trait values so that selection enters
only through the expected number of offspring w(X;, x). We further assume selection is stabilizing around
zero with strength a and individuals compete independently of trait value so that growth is logistic. Fitness
for the unscaled process can then be written as

w(Xt, x) = exp (R - gxz - cn(t)) , (SM.35)

where R is the innate growth rate, c is the strength of competition and n(t) = X;(RR) is the number of
individuals at time ¢.

For the rescaled process, we choose an initial population mass of Ny (which can be any non-negative real

number) and a rescaling parameter k (which can be any positive integer). The rescaled population process
kn(0)

is denoted Xt(k) and is defined so that X(()k) = kﬁ%) Yi—1 Ox;. The additional trait values x, )1, - -, Xkn(0)
)

can be appended by any preferred method so long as the initial mass X(()k admits a density as k — oo. Here

we assume all initial trait Valueks are drawn iid from a normal distribution with mean zero and variance
V/a. We set n®) () = %Xf )(IR) so that n(K) (t) tracks the number of discrete individuals at time ¢ of

the rescaled process Xt(k). In particular, n(K) (0) = kn(0).

Following our approach to rescaling fitness outlined in the main text, we have



(k)( (k ),x) = exp

nk) (¢
! <R 52—, kn(())ﬂ . (SM.36)

Since each individual is assigned an exponentially distributed lifetime, to iterate the rescaled process we
search for the individual with the shortest lifetime. We then draw offspring to replace the chosen individual
and assign each of them trait values, fitnesses and exponentially distributed lifetimes. We repeat these
steps until some stopping criterion is satisfied. Here we chose to stop the process after 5 units of time.
Results of these simulations for k = 1,5,10 are shown in Figure S1. Code for performing these simulations
can be found at:

https://github.com/bobweek/white.noise.community.ecology

3.3 Calculating SDE From SPDE

Assuming a growth rate m(v, x) such that solutions to SAGA are well defined, we can calculate the total
mass process N(t) using the weak solution of SAGA with f(x) = 1 (Walsh, 1986; Etheridge, 2000; Evans,
2010). This implies

= /Ot ./H;v(x,s) ( LX) -1+ ;21882 ) + 1\/WW(x,s)dsdx
:/0 m(s)N(s)dt—i-/Ot des( V(v,x)v(x,s)) , (SM.37)

where the population growth rate is calculated as

m(t) = Ntt)/IRm(v,x)v(x,t)dx, (SM.38)

and W, ( V(v, x)v(x,s)) is a standard Brownian motion (see SM §2.1) given by

/Ot AW, (\/V(u,x)v(x,s)) = /Ot/]R \/ Vv, x)v(x,s) W(x,s)dxds. (SM.39)

JrV,y)v(y,s)dy

Setting Wy (t) = Wi(\/V (v, x)v(x,t)) and V(¢ fIR v(x, t)dx, we can use traditional stochastic
differential notation to write

dN = mNdt + VVNdWy. (SM..40)

To find the associated SDE for %(t) and ¢?(t), we want to repeat the same approach for f(x) = x, x? and
apply Itd’s lemma. However, for these cases f ¢ C%(]R) since f will not be bounded. But, if we can show
Jr (x| +x2 4+ x*)v(x, t)dx < +oo for all t > 0 given this condition is satisfied by v(x,0), then we can apply
the weak solution of SAGA to derive SDE for ¥(t) and o?(t). To illustrate, let us suppose this is the case.
Setting %(t) = [ xv(x, t)dx, we have

= / / { (v, x)x—|—xw/V(v,x)v(x,s)W(x,s)] dxds. (SM.41)

Similarly, setting &%(t) = [ x*v(x, t)dx, we have


https://github.com/bobweek/white.noise.community.ecology

Rescaling an Individual-Based Model
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Figure S1: Rescaled sample paths of an individual-based model that includes stabilizing selection and
logistic growth. Vertical locations horizontal lines indicate individual trait values and lengths of these lines
indicate lifetimes. Dotted vertical lines connect parents to offspring. The bottom plot displays a sample
path without scaling (k = 1), the middle plot shows a sample path rescaled by k = 5 and the top plot
shows a sample path rescaled by k = 10.



&2 (t) = 7(0) + /Ot /IR {v(x,s) (m(v,x)x2 + y) + x? V(v,x)v(x,s)W(x,s)} dxds. (SM.42)

Since ¥(t) = %(t)/N(t) and ¢?(t) = &%(t)/N(t) — #2(t), we can use It&’s lemma to derive SDE for %(t)
and ¢?(t), which we perform in SM §3.4. We make no attempt in finding sufficient conditions to ensure
Jr (x| + x% 4+ x*)v(x, t)dx < +oc0 and hence make no general assertions about the existence or uniqueness
of x(t) or ¢?(t). Regardless, when we assume v(x,t) can be approximated by a Gaussian curve in x for
all t > 0, this implies [ |x|"v(x,t)dx < +oo for all n € {1,2,...} and for all t > 0. Hence, although not
necessary, a Gaussian phenotypic distribution is sufficient to guarantee the existence of ¥(t) and ¢2(t) for
all t > 0 and thus will make for an important initial approximation. However, we do not assume Gaussian
phenotypic distributions in the following section.

3.4 Calculation of SDE for ¥ and o2

Here we calculate the stochastic dynamics of # and ¢ under SAGA using the white noise heuristics
developed above. In particular, we combine weak solutions of SPDE, an extension of 1td’s multiplication
table summarized in Table S1 and Itd’s quotient rule. These calculations require the abundance density
v(x, t) to have finite first, second and fourth phenotypic moments. Hence, we assume

/]R v(x, B (|x] + 2% + 24 dx < +oo. (SM.43)

In the following two subsections we use It6’s quotient rule to derive expressions for the evolution of

X = /N and ¢? = &2 — 2. Following these two subsections we investigate stochastic dependencies

between the processes N, ¥ and ¢?.

3.4.1 Calculation for Trait Mean

We make use of the notation

IN|2 = \/f]R V(v, x)v(x,t)dx = VVN,

12 = \/ J 22V (v, x)v(x, )dx = Vx2VN, (SM.44)
(%,N) = [gxV(v,x)v(x,t)dx = xXVN.
Rewriting formula (SM.41) as an SDE provides

d% = xmNdt + || %||2dWx, (SM.45)

where X7 (t) = ﬁ Jg xm (v, x)v(x, t)dx and

dAWi(t) = dW;(y/x2V (v, x)v(x,t)) = ||321||2 /]Rx\/V(v, x)v(x, t)W(x, t)dxdt. (SM.46)

Using Itd’s quotient rule on ¥ = %/ N, we obtain

(SM.47)

df:d(JZ)_f(df dN dfd7N (dN>2> d¥ _dN dxdN x(dN)z'

N N\x¥ N =z N N

From Table S1 we have d¥dN = (%, N) and dN? = ||N||5. Hence,

10



[ 1% ¥, N N|3
dx = xmdt + %dwf —x <r71dt +1/ NdWN> — <xN2 >dt + % ”N‘szt
1l — %2 Ay
= Cov;(m, x)dt — N (xV — V) dt + Tde —x NdWN . (SM.48)
Setting Cov;(V,x) = =~ [ (x — %(1))(V(v,x) — V)v(x, t)dx = xV — ¥V, we can then write
g N() JR
dx = (Covt(m %) — L Covi(V x))dt (e gy, — 2/ Y gy, (SM.49)
7 N 7 N X N . .
Note that
%o - 1%
7||Z\|]|2d §— X NdWN

- %/n.zx V(V’x)v(x't)w(x/f)dx—%/]R V (v, x)v(x, )W (x, t)dx
:/m (X;[X) Vv, x)v(x,)W(x, t)dx. (SM.50)

Furthermore, by setting Cov; (V, (x — £)?) = [ ((x — %)% — 0?) (V(v,x) — V) p(x, t)dx we can write

\% (/R (x;lf) V(v,x)v(x, t)W(x, t)dx>
- % /IR (x — £)2V(v, ¥)p(x, H)dx

_ %(COW(V, (x—2)%) + Vo?)  (M51)

Hence, by setting

e Jp B2V v, v (x, W (x, t)dx M)
\/%(Covt(v, (x —%)%) + Vo?)

we can finally write

ax = (Covt(m,x) - %Covt(V, x))dt + \/11] (Cove(V, (x — %)2) 4 Vo2 )dWr. (SM.53)

3.4.2 Calculation for Trait Variance

We make use of the notation

1622 = \/fR x4V (v, x)v(x, t)dx
(SM.54)

(7%,N) = [ x>V (v, x)v(x,t)dx = x2VN.
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Applying formula (SM.42) provides
(SM.55)

45% = (FPmN + uN ) dt + ||| dW;2

(SML.56)

where
AWs (1) = dW, (\/x4V (v, x)v(x, 1)) = |U2”2/ x4V (v, x)v(x, t)W(x, t)dx.

Using It6’s quotient rule on x2 = 52/ N, we obtain
o ) ) ) 2 =2 _ =2 _ 2
5_ .(0°\ _0° (do= dN do°dN dN _do° —dN do°dN  — (dN

ax _d<N)_N<52 vom Nt (W) ) C NN RN W) M)

Ns2dWy = (52, N) and hence

Table S1 implies dWs
15212 |V (7% N) .. —INIZ
dW mdt + NdWN N2 ——tdt+x N2 dt

) ~ o 7 “ovr 2
2m) dt + deﬁz — X2/ %dWN Vo —dt

- <y + Covy (m, x?) — %Covt(V, x2)> dt + |o° ”2dw~ \/ dWN, (SML.58)
— V)v(x,t)dx = x2V — x2V. Setting F(y,z) 2

ax? = (ji+ x2m )dt+

= (;Hrﬁ

where Cov;(V,x?) = f (xz )(
2 — 52 to obtain

Ito’s formula on 02 = F(x2,%) =

12

= Yy —z°, we use



do? = dx? — 2xdx — (dx)?

1 525 = — |V
- <y + Covy (m, xz) - NCOV;}(V, x2)> dt + decgz —x2 %dWN

—2%

(Covt(m,x) - ;Covt(V,x)> dt + \/Ib (Cove(V, (x — %)2) + \7(72>dWx]

2
— [(Covt(m,x) - ZbCovt(V,x)) dt + \/11] (Cove(V, (x — %)2) + V(f2)dWx]

_ 1 _ 1 ~ 1.
= <y + Covy(m, X — 2%x) — NCovt(V, ¥ — 2%x) — NCovt(V, (x — x)2) — NVUZ) dt

1622 2, = |V 1 - -
+wat:72 —x2 NdWN — 2x N(COVt(V, (X — X)Z) + VO'Z)dW;?

- <y + Cov (m, (x — %)%) — % (ZCOVt(V, (x — %)?) + VO'Z)) dt

) - - (7
+‘||UNH2*01W52 —x? \ %dWN - 23?\/]1] (Covt(V, (x —%)?) + Vaz)de. (SM.59)

Since

1622 5, = |V /1 _ _
N dWs, — x? NdWN—Zx N(Covt(V,(x—x)z)—i—VUZ)de

= % /]R (xz —x2 —2%(x — f)) V(v, x)v(x,t)W(x, t)dx
= — A ((x — 3?)2 — (72) V(v,x)v(x,t)W(x, t)dx (SM.60)
and

\Y% (;] /IR ((x . (72) V(v,x)v(x,t)W(x,t)dx)

= % e ((x . 02>2 V(v,x)p(x, t)dx

- % (Covt(V, [(x— %)% — 02]2) n V[m_ U4D (SM.61)
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we set

(SM.62)

Hence, we can finally write
do? = (y + Covy (m, (x — %)?) — % (ZCovt(V, (x—%)%) + 17(72>) dt

+% (COVt (V, [(x — )2 — 02]2) +V [(x “x)E aﬂ) AW,o. (SM.63)

3.5 Stochastic Dependencies Between N, ¥ and ¢

Table S1 implies

~1/2
dt = (VV(x — 3?)2> Cov¢(V, x)dt, (SM.64a)

where
Vx—22 = /]R (x — 02V (v, x)p(x, D)dx, (SM.65a)
Vx5 — P = /]R [(x — %)% — 42V (v, 2)p(x, t)dx. (SML65b)

Hence, stochastic fluctuations in the evolution of abundance N are in general correlated with those in
mean trait ¥ and trait variance o2. However, for a constant reproductive variance V(v,x) = V > 0, the
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stochastic fluctuations in N become uncorrelated from both & and ¢2, but the stochastic fluctuations in
the evolutions of ¥ and ¢ may be correlated. This is not the case when traits are normally distributed as
equation (SM.64c) would then imply dWzdW,» = 0.

3.6 Replacing Covariances with Fitness Gradients

Here we show how to rewrite SDE for ¥ and ¢? in terms of fitness gradients instead of fitness covariances
by assuming Gaussian populations In particular, we can use the Guassian population assumption to rewrite
the expressions

Covy(m, x), Covi(m, (x — %)2), Cov¢(V,x), Covi(V, (x — %)), (SM.66)

and

= ((x — £)2 — 02)2V = Cov, (v, ((x— %)% - 02)2) +V [(x — ) - 04] (SML67)

in terms of parital derivatives of either m(v,x) or V(v,x) with respect to either ¥ or ¢?. For brevity
we write dr = x and 9,2 %. Then, for any function f(x,%) that allows 0x [ f(x,%)p(x, t)dx =

Jr 9xLf (x, %) p(x, t)]dx, we have

a,gf_:ag/Rf(x,f)p(x,t)dx
_/ (x, )3 f(x, %) +

(x_x)f(x X)p(x, t)dx = oz f + 2Covt(f,x). (SML.68)

Hence, Cov;(f,x) = o> (8; f— w) Given m(v,x) and V (v, x) allow swapping the order of differentiation

with respect to ¥ and integration with respect to x, we can apply this result to rewrite Cov;(m, x) and
Cov(V, x).

Suppose that 1(x, 0?) satisfies 9,271 = [ 9,2[h(x,0?)p(x, t)]dx. Then

d,2h :/ p(x,)d,2h(x,0?) +h(x,(72)8gzp(x,t)dx
R

= 0,2h + / x -1 h(x, o?)p(x,t)dx = 9,2h + — Cov; (h (x — 9?)2). (SM.69)

204

Hence, Cov; (h, (x — 32)2) =204 (E)Uz}_z - Bgzh). When m(v, x) and V (v, x) allow the swapping of differentia-

tion with respect to ¢? and integration with respect to x, we can use this result to rewrite Cov¢(m, (x — %)?)
and Cov;(V, (x — %)?).

Finally, we are left with expression (SM.67). As a first guess, we expand 8§2V in hopes of writing the
covariance appearing in (SM.67) in terms of gradients of reproductive variance. We can apply the above
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results to get

8%'217 =0,2 /]R p(x,4)0,2V (v, x) + V(v,x)d,2p(x, t)dx

= /]R P(x)3§zV(V,x) + 0,2V (v, x)][0,2p(x, )] + 0,2 {((x__

— x—%)2 — o2 x—x)?
— 8(272V+/]R %p(x,t)agz‘/(%x) + (2(17_4 - m) V(v,x)p(x,t)

(x=5P-c)

p(x, )0,V (v,x) + o

(v, x)0,2p(x, t)dx

r
o4

<

= R,V + —Covi (92V, (v = %)) +

_% [Covt (V, (x — x)z) + ng} + ((x_—)z_az> V(v,x)p(x, t)dx

1% 2

=2V +2(320V — V) — 55—

(0,27 ~3,.27)

+$ [COVt (V, ((x—x)* - 02)2) i V[(x — 0t U4H . (SM.70)

Hence, when trait values follow a normal distribution, we can write

Cov; (V, (x—x)? - (72)2) +V {(x —x)%— (74}
= 20* [20* (92,7 — 20,202V + 02,V ) + 40 (3,27 — 3,2V ) + V| . (sM71)

4 Imperfect Inheritance

In this section we describe our approach to modelling imperfect inheritance, which follows the simplest
assumptions of classical quantitative genetics. For further reading on the theory of inheritance and genetic
architecture of quantitative traits, we recommend Biirger (2000) for a review of mathematical developments
and Walsh and Lynch (2018) as a less technical but comprehensive overview.

4.1 Inheritance

To model imperfect heritability we consider the relationship between expressed phenotypes x € R and
associated genetic values ¢ € R known as breeding values. The breeding value (called genotypic value in
Bulmer, 1971; Walsh and Lynch, 2018) of an individual is the sum of additive effects of the alleles carried
by the individual on its expressed trait. Hence, if the trait is encoded by L loci and the additive effect
at locus I is a;, then ¢ = Y& | a;. The additive genetic variance G is just the variance of breeding values
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in a population (Bulmer, 1971; Walsh and Lynch, 2018). Following Lande (1975), we assume a mutation
at locus I occurs with probability M and replaces the additive effect a; with a; + x; where x; is normally
distributed with a mean of zero and variance y/ M. Hence, we adopt the Gaussian allelic model of mutation.
Next, we implement an infinitesimal approximation by assuming breeding values are determined by an
infinite number of loci. Although very general infinitesimal approximations have been provided by Barton
et al. (2017), for the sake of simplicity we employ a less technical approach. In particular, we rescale the
mutational effects x; by 1/v/L and take the limit L — co. Then, denoting g’ the breeding value of an
offspring produced by a parent with breeding value g and I; the indicator variable determining whether or
not a mutation occurs at locus I, we have

1 L
/ .
=¢+ lim — Lix;. SM.72
§ =g L—>oo\/fl; 1K ( )

This limit implies that ¢’ has expected value g and variance u. Thus, our assumptions yield the Gaussian
descendants approximation coined by Turelli (2017). For a detailed treatment of breeding values, additive
genetic variances and more general genetic architectures see Walsh and Lynch (2018).

4.2 Development

Our treatment of the relationship between breeding values and expressed traits follows classical quantitative
genetic assumptions such as those used by Bulmer (1971) to investigate the effect of selection on genetic
variation. In particular, we ignore epistatic interactions so that effects at different loci combine additively.
Since our treatment assumes haploid asexuals, there are no contributions of dominance or inbreeding
depression to phenotypic variance. We assume expressed traits for given individuals are normally
distributed around their breeding values with a fixed variance E. Hence, phenotypic variance decomposes
as 02 = G + E. The variance E is referred to as the variance of environmental deviation (Walsh and Lynch,
2018). For a fixed breeding value g, we denote the probability density of a randomly drawn expressed trait
x by ¢(x,g) so that

P(x,g) = exp <—(x_g>2) : (SM.73)

1
V2m1E 2E

4.3 Selection On Breeding Values

To include the relationship between breeding values and expressed traits in our framework, we write
B = Zl.:(t1> J¢; as the population process of breeding values and Egk) as the k-th rescaling of &;. We assume
Z; and Egk) follow the same basic structure outlined in §2.3 of the main text. When the diffusion-limit

limy 00 Egk) exists and admits a density, we write (g, f) as the abundance density of breeding values. Then,
following the above treatment of development, we now have

n(t) n(t)
Xe=Y 6, =) gtz (SM.74)
i=1 i=1

where the z; are iid random variables normally distributed around zero with variance E. Hence, v(x,t) =
Jr€(8 t)9(x,g)dg when &(g, t) exists. Assuming finite abundance, this implies

/]R v(x, )dx = /]R &g, t)dg = N(1). (SM.75)

We therefore switch our focus from directly modelling the evolution of v(x,t) to modelling the evolution of

g8 t)-
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Since selection acts on expressed phenotypes, we use the assumed relationship between breeding values
and expressed traits to calculate the fitness of breeding values. Writing w* (&, g;) and p* (&4, ;) respectively
as the expected offspring number and branching rate of the i-th individual in the population process &
at time t, the above model of development implies w* (&, g;) = w(X¢, x;) and p* (&, gi) = p(X¢, x;). Thus,

given (g, t) exists in the diffusion-limit limy_,, Egk), the growth rate m*(¢, g) of breeding value g given
abundance density ¢(g, f) can be written as

m(2,8) = [ $(x8) Jim kp(X\", ) (@* (X[, )~ Dax = [ m(v,)p(x, ). (SM76)

This is similar to equation (1.4) in chapter 5 of Biirger (2000), except we focus on growth rates instead of
individual fitness. Similarly, for the reproductive variance V*(¢, g) of breeding value g given abundance
density ¢(g,t), we find

V(e g) = /m Vv, x)$(x, g)dx. (SM.77)

With the relationships between m(v, x) and m*(&, g) and V(v,x) and V*(§, g) established, the evolution of
the density of breeding values (g, t) is given by the SPDE

2
G(gt) =m"(g,8)(g, ) + %?C(g, )+ V(. 8)E(8, HHW (8 1) (SM.78)

Recall from above that v(x,t) is now defined indirectly by (SM.78) via the relation v(x,t) =
[&(g,t)p(x,g)dg. Equation (SM.78) is a stochastic generalization of DAGA, the deterministic
PDE (4) from §2.1. However, equation (SM.78) describes the evolution of the distribution of breeding values
instead of expressed characters. Regardless, whether modelling expressed characters or breeding values,
we refer to SPDE of the form (SM.78) as Stochastic Asexual Gaussian allelic models with Abundance
dynamics (abbreviated SAGA). In SM §2.1 we developed some heuristics to perform calculations with
respect to the space-time white noise term W.

4.4 Evolution

Setting g(t) N(t) Jr 8G(8,t)dg and G(t) t) Jr(8 — g(t))%¢(g, t)dg, the above model of development

implies ¥(t) = g(t) and ¢?(t) = G(t) + E. Hence, we can use equations (SM.76) and (SM.77) along with
the chain rule from calculus to justify equations (24) of the main text.

5 Motivation for Diffuse Coevolution Model

In this section we provide motivation for our model of diffuse coevolution driven by resource competition.
Since most of the calculations needed have been completed in SM §3.4, we focus here on calulcating growth
rates of each species as a function of trait values and abundance densities of across all species in the
community. We then use this fitness function to calculate selection gradients.

5.1 Individual Fitness

We begin by considering populations of discrete individuals, as is the case with branching processes.
In particular, we begin by assuming population size #; is an integer for each species i = 1,...,S before
passing to the large population size limit. We assume the competitive effects on fitness for each individual
accumulate multiplicatively. The magnitude of these negative effects on the growth rate of species i due
to competition with species j increases with the degree of niche-overlap between species i and j. The
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rate of this increase is mediated by the sensitivity parameter c;; > 0, which we refer to as the strength of
competition on species i due to species j.

We model niche space using the real line R and represent locations along this axis with the symbol . We
assume individuals of species i sample the niche axis following a probability distribution with density
u;(,x), x being the average niche location sampled which we call the niche-center. In particular, we
assume individuals sample their environment following a normal distribution so that the niche-use curve
corresponding to individuals of species i can be written

U; (—x )2)
i(C,x) = —, SM.79

u1<€ x) \/mexp ( 2)\1 ( )
where Uj; represents total niche use (since U; = [ u;({, x)d{) and A; represents niche breadth (the width of
the bell curve u;). We define the niche-overlap between individuals of species i and j with niche centers x;
and x; respectively as

_ _ u;U; (x; — x)?
Oii(xi, x;) = /]Rui(é, x;)u;(g, x;)dg = mexp (M) . (SM.80)

Denoting x;; the niche-center of the j-th individual belonging to species i, the process tracking the set of
trait values of species i can be expressed as

1j
X =Y b, (SM.81)
j=1

where individuals branch at exponentially distributed time intervals as described in §2.3 of the main text.
Hence, each X; and n; depend on time. However, we suppress that dependency here to simplify notation.

We write X = (X3,..., Xs) to denote the S-tuple of branching processes representing the community of
interacting species. We denote by %;(X, x) a function that maps X and x to the cumulative effect of all
competitive interactions on the fitness of an individual belonging to species i with trait value x. Since
individuals do not compete with themselves the net multiplicative effects on fitness of both interspecific
and intraspecific competition on the j-th individual in species i can be summarized by

5
PBi(X, xjj) = exp <Ciz‘0ii(xij/ Xij) — ) /]Rcikoik(xijly)xk(dy)>
=1

1
= exp <— Y ciOiixij, xip) — Y Y caeOje(xij, xkl)) . (SM.82)
17 kZii=1

To capture abiotic stabilizing selection we assume resources follow a Gaussian density along the niche axis.
We also assume the concentration of resources is proportional to expected reproductive output. Combining
these assumptions, we denote by e;({) the fitness benefits for individuals sampling at niche location { so
that

ei(g) = Wmax,i €Xp <_13i(9i - €>2> ’ (SM.83)

where W,y ; is the maximum expected reproductive output in the absence of competitive interactions, 0; is
the phenotypic optimum (location along niche axis of most abundant resources) and A; > 0 determines
the strength of abiotic stabilizing selection (the sharpness of the resource distribution) for species i. We
calculate the effect of mismatch between resource use and resource distribution on the fitness of individuals
in species i with niche center x as
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i(x) = /]R ei(Q)ui(g, x)dg = %exp <_1+Af;i/\i(9i — x)z) . (SM..84)

Writing w; (X, x) as the average number of offspring left by an individual of species i with trait value x, the
absolute fitness of individual j of species i is

wi(X, xij) = (xij) Bi(X, xij)

UiWmax,i Aj &
= —= , xOir (xii, . (SM.85
T+ AN, exp( 1 +A )L ;Cu ii x1] xir) ];lzzlczk lk(xl] Xk1) ( )

5.2 Continuous-Time Growth Rate

Our framework for developing population-level models depends quantifying continuous-time growth rates
associated with both particular trait values (m(v, x)) and the entire population (177). Hence, transitioning
from the individual-based formulation to the population-level model requires the calculation of continuous-
time growth rates from the expectation of individual reproductive output, denoted above by w;(X, x), and
variance around this expectation, v?(X, x), and branching rate p;(X, x). For the sake of model simplicity,
we make branching rates constant for each species so that noise-induced selection does not appear in the
diffusion-limit. We also assume Poisson distributed offspring numbers so that v?(X, x) = w;(X, x). Hence,
calculations involved with transitioning from the individual-based model to the the population-level model
will only depend on w; (X, x). The key step in this transition makes use of equation (17) of the main text. To
simplify notation, we set the initial number of individuals in each species of the individual-based model to
a constant so that #;(0) = n. We then conduct the rescaling using n instead of k. To make use of equation
(17) in the SPDE context we require the diffusion limit of the n-th rescaling of X;, denoted Xl-(n), to converge
to a superprocess with density v;. Following our description of rescaling in the main text, we consider the

(n) (n)

initial conditions of X; and X;"’, which we denote respectively by Y; and Y; ", and set
N;(0) &
Y™ = 115 ) Y 80 (SM.86)
j=1

for some positive value of initial total abundance N;(0) > 0. As n increases we suppose each additional
initial trait value x;;(0) is drawn independently from a common distribution with density v;(x,0). For
the remainder of this section we continue to work with the initial condition and suppress dependency
on time to simplify notation. We denote by Y(") = (Yl(">, .. .,YS(") ) the rescaled initial condition of the
individual-based community Y = (Y3,...,Ys), by v = (vy,...,vs) the S-tuple of abundance densities
describing the community of interacting species in the diffusion limit and by m;(v, x) the growth rate
associated with trait value x for species i in the diffusion limit. Then, following equation (17) of the main
text, we have

m;(v,x) = nlgr.}on (w}/” (Y("),x) - 1) : (SM.87)

To perform this calculation with respect to our formulation of individual fitness above, we note that large n
gives the approximation

w! /MY, x) ~ o (x)/" <1 + G 5 Oii(x, x) 2/ cixOu(x,y)Y, ( (dy)) : (SM.88)
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Hence, the growth rate associated with trait value x in species i is

m;(v,x) = lim n (w}/”(Y(”),x) — 1)

n—oo

Cii > n
= lim n (d( R 1) + o (x)1/" (:Oii(X,x) — Z /IRCikOik(xry)Yk( )(dy)>

= In.(x (Z / cikOi(x, y)vk(y)dy> (SM.89)

This calculation did not require the assumption of normally distributed trait values. However, we make
this assumption in the next section on our route towards developing explicit expressions for the evolution
of total abundances Nj, ..., Ng, mean traits X1, ..., X5 and additive genetic variances Gy, ..., Gg.

5.3 Computing Fitness Gradients

We compute the average niche overlap of an individual in species i with niche location x across all
individuals in species j as

-5 Jr Oij(x, y)vi(y, t)dy 1 7

Oii(x 1) = _ / Oi(x, )i (y, )dy. (SM.90)
l]( ) f]RV](yrt)dy t) R l]( y) ](y ) y

In addition to our assumption that individuals of species i sample their environment via a normal

distribution with density u;(g, x), we further assume normally distributed trait values for each of the S

species. In this case O;;(x, t) simplifies to

. U, (0
e /OU o Lt +0]())ep< Z(Aiﬂf”ﬂ(”))' oM

where ¢?(t) is the variance of niche-centers in species i at time t. Adopting the model of imperfect
inheritance formulated in SM §4, we recall the expressed trait of an individual x; is normally distributed
around its breeding value g; with variance E;. We call E; the environmental variance and G;, which is the
variance of breeding values, the additive genetic variance for species i. Under this model of inheritance, the
variance of expressed traits decomposes as 07 (t) = G;(t) + E;.

To simplify notation we set

U;w ;
R; = In [ ——maxi_ ) SM.92
l n(,/1+Al-Ai> ( 2)
_ 4
%= A (SM.92b)
bij(t) = o (SM.92¢)

A+ )\j + O}Z(t),

where R; is the innate growth rate, a; is the strength of abiotic stabilizing selection and Eij is an intermediate
variable mediating the sensitivity of individual fitness for members of species i to niche-overlap with
members of species j. With this notation, the growth rate m;(v, x) can be expressed as

/ E b;;
m;(v,x) = R; — 021 ch]N U;U; exp ( g(x — J?]-)2> . (SM.93)
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For the remainder of the calculation we suppress notation indicating dependency on v and x. From (SM.93)
we calculate

% = ciiN;UPbii (x — ;) % exp (—bzii(x - 92,-)2> , (SM.94)
om;  CiNJU? [ (x—%)2 — G; — E; — 2) bi; bi; .
3G, 2 (Gi + E; +2A;)2 22 &P~ (%)
_ ciiN;UF b, 232 2 bii bii N2
- ((x_xl) — 0 _2)\z> EeXp _i(x_xl) . (SM.95)
Note that
bi ex —@(x —%)? ! ex _xo &) %)
27 P\ 72 ' 2702 ©°F 20,2

02 +1/b;; o +1/b; 232
5 = W exp —#(x — xl‘)
27(02 +1/by;) \| 27102/ by 207%/ by;

B 1 2((71'2 + Ai) (71'2 + A _\2
o \/47‘[((71'2 + /\i) \/27‘[0’1'2((71'2 + 2/\1') exp 0'1'2((71'2 + 2/\1') (x xz) - (5M.96)

Hence, gradients of the growth rate m; averaged across the phenotypic distribution p; become

am,'
= M.97
o, 0, (SM.97)
am,» _ cl-l-NiUiz (0’,’2 +2/\,’)0’i2 2 N ﬁ
0G; 2(0i2 4 2A;)2 2(A; +072) ! ! 21

_ CiiI\]iui2 0'i2 . ﬁ _ CiiNiuizbii ﬁ (SM.98)
2(0i% +2A4) \2(0:2 + Ay) 27 4 V 27’ )

where
bji = ! (SM.99)
l]_)\i+)kj+0'j2+(7]'2‘ '
The growth rate for species i is
iy = Ry — 5 (% — 0)% + Gy + Er) - ic»»N-u-u 0 eep (=2 (7, — 72 (SM.100)
i iT 5 i i i i = NG oy o\t j

Thus, we find the following growth rate gradients
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; b by
i — 4 Z ciNjUUjbij (%) — %) | 5= exp (—”(fi - fj)z) , (SM.101)

o1
dG;

= + ZCZJN U;Ub; ( — b (i — xj)z) I exp (-7(9@ - x]-)2> : (SM.102)
In particular, we find

om; om; a; 1 [ c;N;U?b; [by; o bjj J; o2
(aG; acﬁ) =5 ts ( o ﬁ+§cffouiufbff (1= btz - %) \ LR )
JFL

(SM.103)

Applying equations (21a), (24a) and (24b) of the main text recovers system (30) of the main text.
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5.4 Initial Dynamics of Figure 1
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Figure S2: Early dynamics of numerical solution presented in Figure 1 of the main text. Black lines represent
species that persisted to the end of numerical integration. Red lines represent species that became extinct at
some time before the numerical integration ended. From this we see extinction is associated with lower
initial trait variances and lower initial abundances.
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5.5 Relaxing the Gaussian Population Approximation

In this subsection, we briefly explore the consequences of relaxing the assumption of normally distributed
trait values within species. To do so, we apply SAGA to the classical niche framework developed above.
In particular, we continue to quantify niche-overlap between individuals of species i and j by Oj;(x;, x;)
following equation (SM.80). Thus, without making the Gaussian population assumption, we can still write
the growth rate associated with niche location x for species i as

aj

S
m;(v,x) = R; — E(Gi —x)? - ;Cij /IR Oii(x,y)vi(y)dy. (SM.104)
]:

Our goal here is to determine conditions under which the Gaussian population assumption remains
approximately valid and also to explore the extent to which this assumption may be violated. Taking
a numerical approach, we investigated five scenarios: 1) Symmetric competition (so that competition
with conspecifics is just as strong as competition with heterospecifics), strong mutation, large population
sizes and three species, 2) Asymmetric competition (so that competition with conspecifics is weaker than
competition with heterospecifics), strong mutation, large population sizes and three species, 3) Symmetric
competition, weak mutation, large population sizes and three species, 4) Symmetric competition, strong
mutation, small population sizes and three species and 5) Symmetric competition, strong mutation, large
population sizes and ten species. For each scenario we set a; = 2e — 4, 6; = 0 and U; = A; = V; = 1 for each
species i and initialized abundance densities as smooth, compactly supported functions. In particular, we
set

—x;(0))2 -1 _ _
vi(x,0) = M; exp (1 - (1 _ 0 g[(O)) ) ) , x € (%(0) — /G, %(0) +/5;) (SM.105)
0, x ¢ (%(0) — /5, %i(0) +1/5,)-

For each scenario involving three species we set ¥1(0) = —20, #3(0) =0, ¥3(0) =20and g; =4 fori =1,2,3.
For the scenario of ten competing species, we evenly spaced ¥1(0), ..., X19(0) between -45 and 45 and set
i =1fori=1,...,10. The remaining parameter values and initial conditions chosen for each scenario
are provided in Table S2. We numerically integrated each scenario for 100 units of time. Results for each
scenario are shown in Figures S3-517.

Our results demonstrate the Gaussian population approximation may hold when mutation is strong and
competition is symmetric even when population sizes are small and when many species are competing.
When comparing the SPDE solutions that relax the Gaussian population assumption to solutions of
corresponding ODE that require the Guassian population assumption, we find the solutions agree over a
brief initial time interval. Afterwards the solutions then quickly diverge, leading to increased abundance
and trait variance when the Gaussian population assumption is relaxed. However, many qualitative features
of the solutions remain intact, such as the relationship between abundance and location along the niche
axis.

Table S2: Values of model parameters used for numerical integration of SPDE model. Abbreviations
correspond to: SC = Symmetric Competition, SM = Strong Mutation, LP = Large Population sizes, AC =
Asymmetric Competition, WM = Weak Competition, SP = Small Population sizes, 35 = Three Species and
10S = Ten Species.

Scenario S R ui ci cij, i#j M
1)SC,SM,LP,3S 3 3 5 le-3 1le-3 250
2) AC,SM,LP,3S 3 3 5 5e-4 1e-3 250
3)SC, WM, LP,3s 3 3 05 1le3 1e3 250
4)SC,SM,SP,3S 3 1 5 5e-2 b5e-2 10

5)SC,SM,LP,10S 10 3 5 le-4 1le-4 250
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SPDE solutions for scenario 1
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Figure S3: The evolution of abundance densities for three competing species (colored red, blue and green).
Left column shows surface plots of each species separately and right column shows contour plots of the
same numerical solution.
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SPDE solutions for scenario 1 at t = 100
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Figure S4: Abundance densities of the same three competing species as in Figure S3 at time ¢t = 100. The
red and green trait distributions appear slightly skewed towards the center which is likely due to the effects
of abiotic stabilizing selection. The extreme overlap in niche space is due to symmetric competition.
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Comparison between SPDE solution and ODE solution for scenario 1
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Figure S5: Time series of In N; (top), X; (middle) and In 0’1-2 (bottom). Solid lines correspond to the SPDE
solutions for each color shown in Figure S3. Dashed lines are the corresponding ODE solutions which
make use of the Gaussian population assumption. Some solutions may overlap and thus are hidden by the
most recently plotted solution.
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SPDE solutions for scenario 2
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Figure S6: The evolution of abundance densities for three competing species (colored red, blue and green).
Left column shows surface plots of each species separately and right column shows contour plots of the
same numerical solution.
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SPDE solutions for scenario 2 at t = 100
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Figure S7: Abundance densities of the same three competing species as in Figure S6 at time t = 100.
Under this scenario niche space becomes acutely partitioned due to asymmetric competition and the
concave-downward curve of abiotic stabilizing selection becomes clearly visible. The red and green trait
distributions become heavily skewed away from the center and the blue distribution becomes extremely
platykurtic. The Gaussian population assumption may not provide a reasonable approximation for this
scenario.
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Comparison between SPDE solution and ODE solution for scenario 2
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Figure S8: Time series of In N; (top), X; (middle) and In 0’1-2 (bottom). Solid lines correspond to the SPDE
solutions for each color shown in Figure S6. Dashed lines are the corresponding ODE solutions which
make use of the Gaussian population assumption. Some solutions may overlap and thus are hidden by the
most recently plotted solution.
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SPDE solutions for scenario 3
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Figure S9: The evolution of abundance densities for three competing species (colored red, blue and green).
Left column shows surface plots of each species separately and right column shows contour plots of the
same numerical solution.
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SPDE solutions for scenario 3 at t = 100
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Figure S10: Abundance densities of the same three competing species as in Figure S9 at time ¢ = 100. In this
scenario with weak mutation, we see that phenotypic distributions evolve to become highly multimodal,
clearly breaking the Gaussian population assumption.
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Comparison between SPDE solution and ODE solution for scenario 3
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Figure S11: Time series of In N; (top), X; (middle) and ln(Tl-2 (bottom). Solid lines correspond to the SPDE
solutions for each color shown in Figure S9. Dashed lines are the corresponding ODE solutions which
make use of the Gaussian population assumption. Some solutions may overlap and thus are hidden by the
most recently plotted solution.
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SPDE solutions for scenario 4
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Figure S12: The evolution of abundance densities for three competing species (colored red, blue and green)
under scenario 4). Left column shows surface plots of each species separately and right column shows
contour plots of the same numerical solution.
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SPDE solutions for scenario 4 at t = 100
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Figure S13: Abundance densities of the same three competing species as in Figure S12 at time ¢ = 100.
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Comparison between SPDE solution and ODE solution for scenario 4
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Figure S14: Time series of In N; (top), X; (middle) and ln(Tl-2 (bottom). Solid lines correspond to the SPDE
solutions for each color shown in Figure S12. Dashed lines are the corresponding ODE solutions which
make use of the Gaussian population assumption. Some solutions may overlap and thus are hidden by the
most recently plotted solution.
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SPDE solutions for scenario 5 at t = 100
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Figure S16: Abundance densities of the same ten competing species as in Figure S15 at time ¢ = 100.
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Comparison between SPDE solution and ODE solution for scenario 5
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Figure S17: Time series of In N; (top), X; (middle) and ln(Ti2 (bottom). Solid lines correspond to the SPDE
solutions for each color shown in Figure S15. Dashed lines are the corresponding ODE solutions which
make use of the Gaussian population assumption. Some solutions may overlap and thus are hidden by the
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6 Competition Coefficients and Selection Gradients

6.1 Definition of Selection Gradients

Our definition of selection gradients differs slightly from traditional definitions. In particular, Lande and
Arnold (1983) express the linear selection gradient B in general as = %Covt(w, x). This is convenient
for discrete time models of mean trait evolution where the change in mean trait between generations is
captured by

G
pCovt(w, x) = GB. (SM.106)
However, in our case, we model mean trait evolution in continuous time via

dx

G
i ﬁCovt(m,x). (SM.107)

Hence, we define the linear selection gradient § := %Covt(m, x). Similarly, the quadratic selection gradient
7 is expressed in Lande and Arnold (1983) as ¢y = %Covt(w, (x — %)?). Then, in analogy to our definition
of B, we define y := L Cov;(m, (x — %)?).

6.2 Selection Gradients Under Abiotic Stabilizing Selection and Resource Competi-
tion
Here we provide expressions for selection gradients under our model of diffuse coevolution driven by

resource competition. Combining our definitions of selection gradients with the results found in SM §5
(which require the Gaussian population assumption), our model of diffuse coevolution yields, for species i,

b“ _ 1] . o2
Bi = Ecl]NUUbl] (%; xi)q/ﬁe 7 (5=%)7, (SM.108a)

ciiN; U b;;

b ki
Yi=—at 2 ch]N Uity (1 - by(x: - 7)) SLe (), (SM.108b)

Note these selection gradients can be additively partitioned as 3; = /31(-“) + Z]-S:1 Bij and 7; = ’yl-(u) + Zf:l Yij
(a)

where ,Bga), 7;~ denote the components due to abiotic stabilizing selection and f;;, v;; denote the components

due to interactions with species j. In particular, we find ﬁga) =a;(0; — %;), 'yi(“) = —g; and
bij Y (5 _zy2
Bij = cijN;U;U;bj(%; — X;) 7 2\ (SM.109a)
A L . AP B
Yij = cIJN]UIUJb,] <1 — b,‘j(xi — x]) ) Ee 2V 75] (SM.lOgb)
B CiiNiuizbii bii ..
Yii = 2 T L=17. (SM.109¢)
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6.3 High Richness Approximations for Moments of Competition Coefficients and
Selection Gradients

Here we derive covariances between competition coefficients and selection gradients following the model
of diffuse coevolution derived in SM §5. We assume the community is very rich (i.e., the number of species
S is very large) and that the distribution of mean traits is approximately normal and independent of the
distribution of abundance. We denote by ¥, Vz the community-wide mean and variance of species mean
traits and by N, Vyy the community-wide mean and variance of species abundances. For simplicity we
assume constant species trait variances and niche breadths so that (Tiz =02 and A; = A for some a2, A > 0.
Thus b;j =b =1/ (202 +2)) for each i,j = 1,...,S. Under these conditions, we can express competition
coefficients, linear selection gradients and quadratic selection gradients respectively as

Kjj = Cijuiu]' \/Zeg(x"ff)zl (SM.110a)
L b —b(xz;—x;)2
,Bij = Cijuinij(xi — XJ) Ee 2, (SM.110b)
_N\2 b —b(x—x;)?
Yij = cijUiUiN;b(1 — b(%; — %;)*) 7€ 2 i, 0. (SM.110¢)

To compute statistical distributions of these quantities we draw i and j independently from the set {1,...,S}
each with probability 1/S. Then the event i = j occurs with probability 1/S52. We suppose S is large enough
that we can safely ignore the event i = j.

Under our model of diffuse coevolution, the competition coefficients and selection gradients can be written
in terms of the difference D;; = &; — X;. By our assumption that i and j are drawn independently and that
%;, ¥; approximately follow a normal distribution with mean ¥ and variance Vz, we see the distribution of
D;; is approximated by a normal distribution with mean zero and variance 2V%.

We suppose the strengths of competition c;; and niche-use parameters U; are distributed independently
of mean traits, abundances and each other. We write ¢, U and V., V|; as the mean and variance of these
parameters respectively.

6.3.1 Means and Variances of Competition Coefficients and Selection Gradients

Combining the above assumptions and notation, we can approximate the expectations of competition
coefficients and selection gradients via

2
=& Yl [ L Fap—c, b
bt 522% cll/ sz dD = ¢l T AT (SM.111a)

i,j=1
B= 1 i Bii~cl?>Nb | D by 1, & dD =0, (SM.111b)
s ij=1 T JR V27 4V a '
- 1 i C_Usz (1 sz) b e,%Dz 1 ¢ 4DVZ_dD
e ij=1 i R 2m 4mVy
o b 1 aNb
-]
= ¢U’Nb = . (SM.111

ctl 21 (2Veb + 1) <2be+1) wbr1 OMIO

Similarly, their variances can be approximated as



— - b 2 1 _Dp% _
Var(a) = 22 =% % (Vi + ) (Vi + ) [ et e Heap -

) 722
_ Vet O Vu+ U o gr 1120

27y /AVih + 1
Var(p) = B2 — B = (Ve + @)V + 022 (Vg + Kb [ 020" Lo~ p
R 27 \/m
) 72\2 N2)H21/-
_ Vet @) (Vu + WPV + N Ve gy 900
(4Vsb +1)3/2
— 2. 2 2) 22 b 2 1 R 7
Var(y) = 77— 7~ (Ve 4 &) (Vg + T2 (Viy + N b/ (1-bD?)2 e L~ ®igp — 5
27T 471 Vs
(Ve + ) (Vu + U%)*(Vy + N?)b? < Vi ) 2( Vx )2 v
_ 1-2b (—2— ) 4302 ([ —2—) | 9% (SM.112
T/4Vib + 1 4Vzb +1 * 4Veb +1 T !

6.3.2 Mean and Variance of Absolute Values of Linear Selection Gradients

Since our above assumptions imply a certain degree of symmetry across the community, we find the average
linear selection gradient is zero. Then, to extract information about the total quantity of linear selection
occurring in the community, we consider the absolute values of linear selection gradients. Following the
above assumptions we can express |B;;| as

|.Bi]| cijUiUjN; b|D1]| l;e ZD” (SM.113)

The mean of |B;;| can then be approximated as

18] ~ 2 b/ |D|,/ ¢80’ T ~frap
47'[Vx
-0 D (SML114
2be+1 /' 27( 2be+1) ( )

Computing the integral on the RHS is equivalent to computing the mean of the absolute value of a normally
distributed random variable with mean zero and variance ZVKLZ]H It is well known that the absolute
value |Z| of a normally distributed random variable Z, itself taking mean zero and variance V7, has mean
1Z| = \/2Vz/ 7. Hence, we can use this information to compute

z.

— b 2b U?Nbv?
~ T2 _
B~ el Nb\/ZTE(Zbe 1) \/n(be 1)~ A@Vib 1) (SM.115)

The variance Var(|f|) is a bit easier to calculate. In particular, we can approximate the variance of absolute
values of § via

Var(|B]) = [BE — 18" = B2 — Bl ~ Var(8) — [B[", (SM.116)

where we have capitalized on the result 8 ~ 0.
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6.3.3 Correlations Between Competition Coefficients and Selection Gradients

Following the above assumptions and notation, the covariance of competition coefficients a;; and linear
selection gradients f;; can be approximated as

. 2
Cov(a, p) = ap — & = (Ve + &) (Vi + UP)PNb | D%e—wz;afmp ~o. (SM.117)
R

\/47TVj
Again, this result follows from our assumptions on the distribution of model parameters across the

community. To extract information about the covariance between competition coefficients and the magnitude
of linear selection, we compute Cov(«, |B]). This quantity can be approximated by

Cov(a, |B|) = a|p] — &|B] = (V. +EZ)(VU+U2)2Nb/ \D|£e‘bD2#e7%dD—5c| |
’ ‘ R 27T NZvar

Vo4 3)(Vy +U?)2Np? Ve —
_ (Ve n()ivgb+1)) ;"—04 [, (SM.118)

where we have again made use of the properties of absolute values of normally distributed random
variables.

The covariance between competition coefficients and quadratic selection gradients can be approximated by

b 7bD2 l _Diz _
—e ———e ":dD —a
27T VATV U

(Ve + ) (Vg + U2)2NR(2Veb +1)
B 271(4Veb +1)3/2 —ay. (SM.119)

Cov(a,y) =ay —ay ~ (V. +&)(Vy + Uz)sz/ (1 - bD?)
R

Finally, these approximations can be used to approximate the correlations between competition coefficients
and selection gradients via

__ Cov(a[Bl)
Corr(a, |B]) = Var@)Var (B’ (SM.120a)
_ Cov(w)
Corr(a,y) = Var () Var(3) (SM.120b)
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