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Demographic model

The demographic models were based on existing demographic data for this species (e.g. [1], [2]), modified according to the proportional changes of vital rates based on our experimental results. We used vital rate-based matrix models for C. nutans as presented by Jongejans et al. [3], based on a four-stage classification (which represent annual demographic transitions from the end of autumn of one year to the end of autumn a year later):

Seed bank (SB)         Small (S)                           Medium (M)                 Large (L)
       (1)
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We then incorporated into the models significant proportional changes in seedling emergence (ε, ε1), survival (σ2, σ3, σ4), and reproduction (π2, π3, π4) caused by climate change, to project population growth rate λ. Bolting probabilities (β2, β3, β4), transitions between stages due to growth (γ3, γ4, γ32, γ42, γ34), potential seed escaping from floral herbivory (φ), and new seed entering the seed bank (ν) were assumed to remain the same.
Dispersal model
We modelled dispersal using the mechanistic Wald Analytical Long-distance Dispersal (WALD) model [4], which we had shown applies well for C. nutans in a major field experiment [5]. This model was derived from well-established models in fluid mechanics and predicts an inverse Gaussian (Wald) distribution of dispersal distances r [6]: 
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where location parameter ’ and the scale parameter ’ are given by:
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where H is the seed release height (mean plant height), F is seed terminal settling velocity, U is the hourly mean horizontal wind velocity between H and the ground, and  is a turbulent flow parameter which reflects wind variation due to vegetation structure and weather conditions [4]. We used H and F calculated based on the present experiment, as well as U and   estimated based on weather data collected in a nearby weather station, to parameterize the dispersal model.


We bootstrapped the plant height data 1000 times, while keeping the other parameters unchanged, and calculated the corresponding dispersal kernels. We then calculated the mean and standard deviation of the bootstrapping results, which were presented in Fig 1. 
Spread model

The demographic and dispersal models were combined to allow the modeling of spatial spread using integrodifference equations [2, 3, 7]:
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where A is the demographic model, and [image: image6.wmf]o

 signifies the Hadamard product (element by element multiplication), and M is a matrix of the same size as A, which is comprised of elements containing the moment generating function of the dispersal kernel k(r) (eqn 6). For population growth rates less than unity and for thin-tailed (exponentially bounded) dispersal kernels (e.g. the WALD model), the population spread rate converges to a constant speed, c*:
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where M(j) is the moment generating function of the dispersal kernel. The WALD model is integrated over terminal velocity and seasonal wind conditions to give the seasonal dispersal kernel (see also[3] for computational details):
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     (6)
where p(F) and p(U) are the probability density function of F and U, respectively, and p(r) is the WALD model. k(r) gives the radial dispersal kernel in a two-dimensional landscape.  To estimate the rate of spread in one dimension x, we obtained the moment generating function for the dispersal kernel marginalized for x [8]. We estimated the empirical moment generating function by simulating a large number (N = 100,000) of random dispersal distances r using k(r) and random directions  using a uniform distribution (0-2), and then calculated x = rcos(). We used the medians of these runs to exclude potential extreme outliers arising from the integrated WALD model. The empirical moment generating function ME(s) is:


[image: image9.wmf]1

1

()exp()

N

E

i

Mwwx

N

=

=

å







(7)
where w is an auxiliary variable. This joint model then allowed us to project population spread (c*) rates for all climate change scenarios.
c*-LTRE Analyses

We used c*-LTRE analyses to assess the contributions of changes in the vital rates and dispersal-related traits to changes in spread rates (c*). We calculated the contributions of each altered parameters under climate change: 


[image: image10.wmf]1

1

(*)

*

*

ijij

qijq

mwh

c

wh

r

trt

¶¶

¶

=

¶¶¶

å

                                                                             (8)

Where τq is the qth vital rate, hij is the element at row i and column j of H, w* is the auxiliary value corresponding to c*, and ρ1 is the dominant eigenvalue of H. We calculated the sensitivity of c* to plant height by introducing small perturbations [3]. We used the median of 1000 repeated calculations to avoid potential outliers.
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