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Appendix 1 
Site descriptions (Table A1–A3) 
Fourteen sites were sampled for eelgrass Zostera marina biometrics in summer 2011, by a local 

team of seagrass ecologists applying standardized protocols (Ruesink et al. 2017). The sites differed 

in latitude, ocean basin, photoperiod, and the water temperature and salinity recorded during the 

study (Table A1). Temperature and salinity were measured three times over one month at each site 

during the experiment; average values are provided. Photoperiod incorporated the interval between 

sunrise and sunset at the latitude of the site and day when the distributed experiment was initiated, 

as determined using a solar calculator (<www.esrl.noaa.gov/gmd/grad/solcalc/sunrise.html>). For 

13 sites, sampling date was later at higher latitudes (day of year sampled = latitude × 1.43 +148, t1,11 

= 2.4, p = 0.04), but Bodega Bay, California (BB) was sampled on day 269, which was two months 

later than expected from latitude.  

 Site-level information about Z. marina is presented in Table A2. Percent cover of Z. marina 

and other macrophytes was estimated in 30, 0.25 m2 quadrats per site. To estimate Z. marina 

genotypic richness, 40 shoots were collected from each site (1 per plot) and clean, new growth 

stored in silica crystals for later DNA extraction and genotyping following Olsen et al. (2013). Six 

microsatellite loci were used. Genotypic richness is the number of unique genets divided by the 

number of sampled ramets. Methods for other variables (nitrogen content of leaves and epiphyte 

load) are provided in the main paper. Samples were collected in all 40 experimental plots, but 

averages in Table A2 are for control plots only, without added fertilizer or deterrent. 

 Site-level averages of the six focal biometrics of Z. marina are presented in Table A3: 

sheath length, canopy height, number of leaves, leaf extension day-1 shoot-1 (absolute growth), 

relative growth rate, and leaf emergence rate. No statistical relationship emerged between relative 
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growth rate (% day-1) and duration between marking and collecting (linear mixed effects model, 

random site effect: intercept = 1.86 + 0.39 SE, slope = 0.021 + 0.037 SE, p = 0.57, n = 856 shoots 

across 14 sites), which was 6–16 days depending on site (Table A1).  

 

Table A1. Location and environmental conditions of 14 eelgrass Zostera marina meadows sampled 

for form-function relationships and responses to multiple stressors in summer 2011. 
Site Latitude,  

Longitude 

Duratio

n after 

markin

g (days) 

Day of 

collecting 

Water 

level at 

low tide 

(m) 

Tidal 

amplit

ude, 

mean 

range 

(m) 

Photo

period 

hrs 

Salinity Temper

ature C 

AK – Alaska, USA in 

Kachemak Bay near 

Homer 

59.39, -

151.683 

16 7/31 0 4.8 17.88 29 10.45 

BB – Bodega Bay, 

California, USA 

38.32, -

123.033 

11 9/26 0 1.01 12.45 36 14.94 

BC – British 

Columbia, Canada 

near Vancouver 

49.00, -

123.1 

12 or 

15 

7/16 0.3 3 16.08 25 15.95 

FI – Ängsö Island, 

northern Baltic Sea, 

Finland 

60.10, 21.7 7 9/8 2.5 0 14.17 6.38 19.85 

JN – Akkeshi-ko 

estuary, Hokkaido, 

Japan  

43.07, 

144.91 

7* 8/29 0.5 0.62 13.65 30.5 23.17 

JS –Ikonushima-

island, Hiroshima, 

Japan 

34.29, 

134.233 

7 6/29 2.0 3 14.43 34.9 19.04 

MA – Massachusetts, 

USA in Dorothy 

Cove near Nahant 

42.43, -

70.919 

13 8/25 1.2 2.79 14.03 33 18.54 

NC – North Carolina, 

USA near Beaufort 

(Middle Marsh in 

Rachel Carson 

NERR) 

34.68, -

76.6 

7 7/22 0.25 0.95 14.27 34.1 30 

PO – Ria Formosa 

lagoon, Portugal 

37.00, -8.6 13 8/8 0.25 2 14.2 36 23.59 

QU – Quebec, 

Canada on N shore of 

St. Lawrence Estuary 

49.03, -

68.5 

10 7/29 0.2 3 15.67 19.5 14.09 

SD – San Diego, 

California, USA 

32.71, -

117.226 

11 7/12 0.8 1.14 14.27 35 19.38 
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SW – Swedish NW 

coast in 

Gullmarsfjord 

58.31, 

11.549 

6 8/31 1.35 0.25 14.6 20 18.87 

VA – Virginia, USA, 

Goodwin Islands, 

York River, in 

Chesapeake Bay 

NERR 

37.22, -

76.383 

9 6/28 

estimate 

0.5 0.73 14.7 15.05 26.1 

WA – Willapa Bay, 

Washington, USA 

46.50, -124 9 7/15 0 2.08 15.68 22.06 18.04 

*One shoot at JN was collected after nine days 
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Table A2. Biological conditions in 14 eelgrass Zostera marina meadows in summer 2011. Location 

and date of sampling as in Table A1. 

Site Zostera % 

cover (SE, n = 

30) 

Macrophyte % 

cover (SE), not 

including eelgrass 

Zostera 

genotypic 

richness 

Zostera 

%N* 

Epiphyte chl-a µg 

per gDW 

Zostera* 

AK 16.8 (0.9) 42.2 (1.9) 0.658 2.028 41.25 

BB 82.5 (est.) 7.5 (est.) 0.972 3.400 130.58 

BC 88.4 (2.8) 7.5 (1.8) 1.000 2.581 243.26 

FI 25.4 (3.4) 0 0.342 2.251 86.39 

JN 73.7 (3.5) 6.0 (2.8) 1.000 1.922 36.33 

JS 66.5 (2.8) 8.5 (2.3) 0.966 2.435 50.79 

MA 70.0 (15.7) 0  0.763 1.700 30.51 

NC 71.6 (2.6) 3.1 (1.0) 1.000 1.823 419.60 

PO 57.3 (4.8) 7.8 (2.2) 0.564 1.902 11.59 

QU 92.8 (1.6) 0.8 (0.2) 0.949 2.960 142.13 

SD 83.2 (3.1) 0 0.703 2.788 2.50 

SW 55.5 (1.7) 61.5 (4.6) 0.895 1.714 24.69 

VA 70.8 (2.7) 0 1.000 1.614 322.67 

WA 89.6 (2.1) 2.9 (0.6) 0.868 3.497 643.83 

*Control plots only 
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Table A3. Biometrics (+SD) of eelgrass Zostera marina in 14 meadows sampled for form-function 

relationships and responses to stressors in summer 2011. Shoots were marked and later collected 

from 40 experimental plots, with at least one and up to three measured per plot. Location and date 

of sampling, and duration between marking and collecting as in Table A1. CV = coefficient of 

variation = standard deviation divided by mean. CV within sites is the average CV for 14 sites; CV 

across sites uses site averages as samples in the calculation of CV. 

Site Shoots 

measured 

Sheath 

length 

mm 

No. of 

leaves 

Canopy 

height, 

maximum 

length mm 

Daily leaf 

extension 

mm d-1  

% growth 

day-1 

Leaf 

emergence 

rate day-1 

AK 41 124.3 

(23.4) 

4.85 (0.57) 561.9 

(106.7) 

23.4 (8.6) 1.17 

(0.30) 

0.035 

BB 39 172.2 

(39.7) 

4.51 (0.56) 921.5 

(172.2) 

44.2 (12.8) 1.48 

(0.35) 

0.063 

BC 32 321.3 

(45.4) 

4.31 (0.82) 1646.7 

(302.8) 

74.3 (25.2) 1.56  

(0.39) 

0.060 

FI 178 55.5 

(12.1) 

5.04 (0.74) 336.9 

(71.5) 

27.4 (9.6) 2.08 

(0.69) 

0.116 

JN 40 335.7 

(66.7) 

4.18 (0.55) 1494.8 

(212.0) 

51.0 (29.0) 1.09 

(0.59) 

0.025 

JS 37 274.7 

(48.2) 

6.16 (0.90) 1338.2 

(243.4) 

103.6 

(25.4) 

1.77 

(0.30) 

0.077 

MA 35 120.8 

(62.3) 

5.11 (0.58) 958.4 

(174.0) 

51.5 (13.5) 1.68 

(0.41) 

0.055 

NC 64 47.8 

(10.6) 

4.07 (0.74) 225.2 

(146.7) 

7.5 (3.0) 1.23 

(0.42) 

0.045 

PO 71 90.0 

(23.0) 

5.03 (0.70) 391.8 

(72.7) 

29.7 (9.2) 1.97 

(0.45) 

0.063 

QU 39 132.3 

(36.0) 

5.15 (0.71) 562.5 

(161.0) 

31.1 (12.6) 1.49 

(0.57) 

0.077 

SD 34 *40.6 

(14.7) 

5.29 (0.72) 802.6 

(294.4) 

22.6 (10.3) 1.03 

(0.63) 

0.037 

SW 99 100.5 

(37.6) 

5.85 (0.60) 367.0 

(128.2) 

25.0 (11.3) 1.61 

(0.52) 

0.084 
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VA 107 40.5 (6.7) 3.77 (0.62) 191.1 

(33.3) 

11.8 (3.6) 2.09 

(0.52) 

0.064 

WA 40 332.1 

(70.6) 

5.50 (0.85) 1277.7 

(320.7) 

136.1 

(30.9) 

2.87 

(0.56) 

0.078 

CV 

within 

sites 

 0.25 0.14 0.25 0.36 0.31 NA 

CV 

across 

sites 

 0.72 0.14 0.62 0.80 0.30 0.37 

*Sheath lengths not reported. Data are for distance from the base of the shoot to original mark near 

the top of the leaf sheath. 
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Appendix 2 
Within and across site analyses of eelgrass biometrics (Table A4)  
Six biometrics of eelgrass Zostera marina were measured on 856 shoots across 14 sites: sheath 

length, canopy height, number of leaves, absolute growth, relative growth rate, leaf emergence rate 

(Ruesink et al. 2017). Relationships among biometrics were evaluated with linear mixed effects 

models. To address whether relationships among biometrics varied by site, we compared by 

likelihood ratio tests: statistical models with and without random intercept; and statistical models 

with random intercept but with and without random slopes. When random slope improves model fit, 

form-function relationships vary across sites (i.e. slope of daily leaf extension vs. sheath length). 

Because significant statistical relationships could be due either to within or across site patterns, 

given the construction of the analysis, we separately tested for across-site form-function 

relationships by using site means (i.e. site-level daily leaf extension vs. site-level sheath length). 

856 shoots were included in these analyses, but, when averaged by site, only 14 samples (sites) 

were used. 

 

Table A4. Results of model results relating four eelgrass Zostera marina biometrics to sheath 

length. Sample size was 856 shoots from 14 sites, and models were compared that included a) no 

random site effect, b) random intercept associated with each site, and c) random slope and intercept 

associated with each site. A separate linear model using site means was examined to test whether 

biometrics were related to sheath length at the across-site scale. (The linear mixed effects model 

using all shoots across sites prioritizes within-site patterns.) Leaf extension day-1 was ln-

transformed to improve homogeneity of variance, but this transformation did not influence 

conclusions regarding its positive relationship to sheath length both within and across sites. 

Likelihood ratio tests for the nested models, with results from restricted maximum likelihood, 

appropriately adjust significance as in Zuur et al. (2009, p. 122–124). 

Response 

variable 

Likelihood ratio 

test of 

significance of 

random intercept 

Likelihood ratio 

test of 

significance of 

random slope 

Sheath length 

effect size (SE) 

in best model 

using shoots as 

samples 

Sheath length 

effect size (SE) 

across sites, 

based on site 

means 

Canopy height 

(mm) 

< 0.0001, 

random intercept 

better 

< 0.0001, 

random slope 

better 

3.207 (0.330) 3.98 (0.52) 

No. of leaves < 0.0001, p = 0.08, no 0.00269 0.00066 (0.0176) 
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random intercept 

better 

random slope (0.00064) 

Leaf extension d-

1 

< 0.0001, 

random intercept 

better 

< 0.0001, 

random slope 

better 

0.151 (0.029) 0.269 (0.053) 

Ln(leaf extension 

d-1) 

< 0.0001, 

random intercept 

better 

< 0.0001, 

random slope 

better 

0.0050 (0.0010) 0.0059 (0.0011) 

Relative growth 

rate (% d-1) 

< 0.0001, 

random intercept 

better 

p = 1, no random 

slope 

-0.0000208 

(0.0000049) 

0.000008 

(0.000012) 
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Appendix 3 
Analyses across sites (Table A5) 
Each of the six biometrics of eelgrass Zostera marina (as defined in Ruesink et al. 2017) were 

evaluated in a linear regression with the following biogeographic predictors: latitude, latitude2, and 

ocean (Atlantic or Pacific). The biometrics included three for size (sheath length, canopy height, 

number of leaves) and three for growth (daily leaf extension per shoot, relative growth rate, leaf 

emergence rate). Results of these analyses are in Table A5, which demonstrates mid-range peaks in 

sheath length and canopy height, and higher values in the Pacific than Atlantic sites for sheath 

length, canopy height, and daily leaf extension per shoot. In contrast, no biogeographic patterns 

emerged for number of leaves, relative growth rate, or leaf emergence rate (Table A5).  

 

Table A5. Results of linear models relating average site-level biometrics of eelgrass Zostera marina 

to biogeographic predictors across 14 sites. Results are given as effect size (standard error), bold if 

p < 0.05. See Fig. 4A for sheath length and Fig. 4B for relative growth rate (% day-1; Ruesink et al. 

2017). 

Biometric Intercept Latitude Latitude2 Ocean 

Sheath length 

(mm) 

86.7 (22.81) 44.1 (60.5) –228.9 (60.2) 139.2 (32.4) 

Canopy height 

(mm) 

450.5 (97.5) –65.1 (258.6) –828.6 (257.4) 681.3 (138.6) 

No. of leaves 4.8 (0.3) 0.48 (0.75) 0.61 (0.74) 0.16 (0.40) 

Daily leaf 

emergence per 

shoot (mm day-1) 

27.2 (11.5) 1.1 (30.5) –53.7 (30.3) 36.9 (16.3) 

Relative growth 

rate (% day-1) 

1.7 (0.2) 0.16 (0.53) –0.49 (0.52) -0.18 (0.28) 

Leaf emergence 

rate (day-1) 

0.071 (0.009) 0.031 (0.023) 0.006 (0.023) –0.016 (0.012) 
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Appendix 4 
Defining leaf condition to include in a multiple-stressors analysis (Table A6, Fig. A1) 
The amount of intact leaf material was of interest as a proxy for shoot damage in eelgrass Zostera 

marina, which could act as a stressor reducing productivity (or improve productivity through 

compensatory growth), however, this proxy needed to be adjusted for overall shoot size because by 

definition larger shoots have more leaf material. The issue is the amount of leaf material present for 

the size of the shoot. We made this adjustment by summing leaf length above the sheath, and 

including only the original leaf material, not material that had extended between marking and 

collecting. The ratio of original leaves above sheath to sheath length (‘leaf condition’) seemed too 

large to be biologically realistic for some shoots. We realized that it would be important to censor 

these shoots because both new growth (due to covariate of sheath length) and original leaf length 

per sheath could appear elevated if sheath length were underestimated, thus introducing a statistical 

artifact that could lead us to conclude erroneously that damage impaired growth. But what is 

biologically realistic? In general, leaves rarely extend more than 4x beyond the sheath (Fig. 2C in 

Ruesink et al. 2017) and shoots rarely have more than 6 leaves (Fig. 2D in Ruesink et al. 2017), 

with new ones still extending rapidly and old ones likely to be broken. Overall, an original leaf 

length 16× sheath length (i.e. equivalent to four fully-extended leaves) seemed like a reasonable 

maximum to be biologically realistic, which led to censoring all shoots at site San Diego (where we 

knew sheath length was underestimated), 52% (92/178) at Finland, 46% (16/35) at Massachusetts, 1 

at Northern Japan, 5 at Southern Japan, and 2 at North Carolina. These high ratios appeared 

disproportionately for shoots with smaller sheath measurements (Fig. A1), also supporting that 

sheath length may have been underestimated for these shoots. Censoring these shoots reduced the 

correlation between sheath length and original leaves per sheath (from r = –0.23, n = 856 to r = –

0.14, n = 704, p < 0.05 regardless). 
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Figure A1. Leaf condition, defined as leaf material present above the sheath 

when the shoot was marked, standardized to sheath length. Damage and 

senescence of leaves puts a biological ceiling on how much original leaf 

material can remain on a shoot. Axis is plotted through the cut-off ratio of 16. 

Both axes are log-transformed to better display variation at small values. 
 

 

For the 704 remaining shoots (at 13 sites, without SD), each site was examined separately in linear 

models including sheath length, epiphyte chl-a, % nitrogen in leaves, and leaf condition as 

predictors of daily leaf extension (main effects only, no interactions; Table A6). Some additional 

shoots were censored from the analysis due to missing values for %N. When multiple shoots were 

measured per plot, plot was a random factor in a linear mixed effects model. These effect sizes and 

SE were used to calculate 95% confidence intervals (n = 13) for each predictor variable (Fig. 5 in 

Ruesink et al. 2017). We selected daily leaf extension, with sheath length as a covariate, to test 

effects of damage due to constraints in the response variable of relative growth rate. Loss of leaf 

material reduces the summed length of the shoot, which arithmetically leads to higher % growth 

day-1. Indeed, relative growth rate was statistically negatively related to leaf condition (linear 

mixed-effects model slope: –0.068 + 0.0078 SE, n = 704 at 13 sites). 

 

Table A6. Site-specific results, presented as effect sizes (SE), for relationship of daily leaf extension 

(absolute growth) to four predictor variables. lm = linear model; lme = linear mixed effects model. 

Site codes as in Table A1. Site-level factors significant at α = 0.05 are in bold. 
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Site Sheath length 

effect 

Epiphyte chl-a 

per gDW 

%N Original leaf per 

sheath 

AK (lme, n = 40, 

39 plots) 

0.183 (0.053) 0.015 (0.020) 6.258 (4.150) 1.482 (0.574) 

BB (lm, n = 39) 0.151 (0.055) 0.018 (0.016) -2.67 (3.58) 1.093 (0.920) 

BC (lm, n = 28) 0.237 (0.109) –0.0068 (0.044) 24.57 (21.51) 3.269 (2.045) 

FI (lme, n = 84, 

39 plots) 

0.283 (0.093) –0.012 (0.022) 4.51 (2.82) 0.832 (0.434) 

JN (lm, n = 39) –0.021 (0.089) –0.067 (0.215) –28.9 (33.3) 3.12 (2.25) 

JS (lm, n = 32) 0.379 (0.053) 0.182 (0.051) 4.138 (5.536) 0.737 (1.209) 

MA (lm, n = 18) 0.092 (0.092) 0.046 (0.214) 10.94 (20.36) 0.643 (1.34) 

NC (lme, n = 60, 

35 plots) 

0.127 (0.035) –0.0001 (0.0009) 2.523 (2.077) 0.373 (0.127) 

PO (lme, n = 71, 

35 plots) 

0.208 (0.052) –0.110 (0.122) 2.92 (3.58) 0.292 (0.452) 

QU (lm, n = 39) 0.224 (0.048) –0.015 (0.016) –2.01 (4.29) –1.037 (0.764) 

SW (lme, n = 99, 

40 plots) 

0.236 (0.031) 0.042 (0.051) –5.03 (2.69) 1.088 (0.477) 

VA (lme, n = 

107, 39 plots) 

0.255 (0.047) –0.00007 

(0.0002) 

0.274 (1.211) 0.419 (0.121) 

WA (lm, n = 40) 0.266 (0.052) –0.026 (0.011) 0.713 (5.069) 6.475 (1.484) 
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