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Abstract 11 

 12 

This educational activity aims to test the relationship between the biodiversity of plant 13 

communities and their productivity. In two laboratory sessions, students assemble duckweed 14 

communities at different levels of species richness and determine their productivity. The data 15 

collected is interpreted by applying a biodiversity partitioning metric to assess the roles of 16 

complementarity and selection in driving the observed relationship between diversity and 17 

productivity. This activity also offers the possibility to measure species morphological traits 18 

which can be used to quantify the functional diversity of communities, investigate its effect on 19 

community productivity, and monitor phenotypic plasticity as a possible mechanism. This 20 

activity includes a theoretical aspect investigating the relationship between biodiversity and 21 
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ecosystem functioning, and a practical aspect involving the cultivation of experimental plant 22 

communities and the measurement of quantitative traits. 23 

 24 

Learning objectives 25 

 26 

The primary objective of this hands-on activity is to demonstrate the link between community 27 

biodiversity and ecosystem functioning, in this case primary productivity. In the laboratory, 28 

students assemble a series of aquatic plant communities, in monocultures and polycultures of two 29 

and three species, and, after a period of growth, measure their productivity as biomass 30 

production. Students will learn about experimental design and replication in addition to culturing 31 

experimental plant communities. With the collected data, students will explore the question of 32 

how plant diversity affects ecosystem productivity. This relationship can be further analysed by 33 

partitioning the overall biodiversity effect into components representing species complementarity 34 

and a selection effects. Through a lab report, students will learn how to test the main hypothesis, 35 

and use theory to speculate on mechanisms responsible for the observed results. At the 36 

instructor's discretion, the study may be extended to explore possible mechanisms. For example, 37 

simple plant traits can be measured allowing students to quantify functional diversity and 38 

phenotypic plasticity. In addition to giving students an opportunity to collect and analyse 39 

quantitative data, trait measurements will allow students to ask whether functional and taxonomic 40 

measures of diversity equally affect productivity, whether growth in community as opposed to 41 

monoculture causes the plastic modification of species’ traits, and whether this phenotypic 42 

plasticity plays a role in driving the observed biodiversity effects. Another possibility is to run the 43 



experiment under different environmental conditions (by modifying nutrient availability, light 44 

intensity, or temperature) to test the stress-gradient hypothesis which states that diversity effects 45 

should be more important under stressful conditions (Maestre et al., 2009). Lastly, the experiment 46 

could be run over a longer duration to determine if species interactions and the strength and 47 

direction of diversity effects vary through time. 48 

 49 

Overview, timeframe, and list of materials 50 

 51 

The experiment takes place during two three-hour laboratory sessions, which are spaced two 52 

weeks apart to allow for the growth of the plant communities. Of course the experiment can run 53 

longer with multiple productivity measurements to investigate how diversity effects develop 54 

through time (Urgoiti et al., 2022 ; Couture, 2022), but as the measurements are destructive, more 55 

replicate communities would need to be established. Duckweed (Lemnaceae spp.) and other 56 

floating aquatic macrophytes are suggested as a model system because of their rapid reproductive 57 

rate, small size, and ease of culture (Laird and Barks 2018, Jewell and Bell, 2022). Prior to the 58 

first session, the instructor must prepare the culture medium (recipe in Appendix 1), obtain the 59 

plants, and ensure their growth and reproduction. Although the lab work isn’t done under sterile 60 

conditions, it is best to begin with axenic plants and culture media to avoid algal growth which 61 

could impact the community dynamics. This would be especially important if the duration of the 62 

experiment is increased beyond the suggested two weeks to look at how diversity effects change 63 

over time, Many species can be purchased in axenic culture online (e.g., Canadian Phycological 64 

Culture Centre in Canada, Rutger’s Duckweed Stock Cooperative in USA), or field samples can 65 



be sterilized (or at least cleaned of most algae) using 10% bleach (Jewell et al. 2023a). 66 

Preparation for the first laboratory session is likely to require the greatest investment on the part 67 

of the instructor. However, the time required may vary depending on how quickly the biological 68 

material is received and the number of students. The instructor must also ensure that the students 69 

have received the theoretical background necessary to understand the project (during a class on 70 

community ecology for example).  71 

 72 

The first three-hour laboratory session is entirely devoted to assembling the various plant 73 

communities. The simplest experimental design, (and the one described here), involves three 74 

species grown in monoculture, in all 2-species mixtures, and in a full 3-species community (total 75 

of seven cultures). Students are broken up into small groups (suggested group size of two), each 76 

responsible for a number of experimental communities. Data from all groups is then pooled by 77 

the instructor for analysis. To avoid confounding group and treatment, it is best to assign one 78 

replicate of all seven treatments to each group, or if this is not feasible, to randomly assign 79 

communities to groups. Issues of replication and confounding factors can be discussed and 80 

included in the lesson if desired. 81 

 82 

The second three-hour session, two weeks later, involves separating and counting individuals of 83 

each species and weighing the culture biomass. After individuals are sorted by species, the entire 84 

population is gently blotted with absorbent paper to remove excess water and then weighed to 85 

obtain a measure of species wet mass. Trait measurements could also be taken during this session 86 

to address bonus questions if desired. After the second lab session, students are responsible for 87 



analysing the pooled data and writing a lab report (suggested two weeks). The student handout 88 

describing the lab instructions is included as Appendix 2. 89 

 90 

This list enumerates the materials needed per group of two students, responsible for one replicate 91 

of each of all seven treatments. 92 

 93 

Laboratory Session 1: 94 

• 1.5 L of modified Hoagland’s culture medium  95 

• Graduated cylinder (to fill Erlenmeyer flasks) 96 

• 7 250 mL Erlenmeyer flasks* 97 

• 2 bacterial inoculation loops 98 

• 3 containers each containing one species  99 

• Labeling tape 100 

• Marker  101 

*alternative containers like mason jars or plastic cups may be used instead of Erlenmeyer 102 

flasks 103 

 104 

Laboratory session 2: 105 

• the 7 Erlenmeyer flasks from part 1 106 

• 3 beakers 107 

• 2 bacterial inoculation loops  108 



• 2 counters 109 

• 1 basin 110 

• a balance (precision to 1mg) 111 

• weighing trays 112 

• absorbent paper to blot plants dry before weighing 113 

• strainer (0.5 mm pores) 114 

• optional - camera (cell phone) and ImageJ software (free) to measure plant traits 115 

(Appendix 3) 116 

 117 

Procedures and general directions for the instructor 118 

 119 

Biodiversity and ecosystem functioning  120 

Although most of the learning activity takes place in two laboratory sessions, the integration of 121 

the theoretical foundation on which it is based is imperative to the students' understanding. The 122 

theory concerns the relationship between biodiversity and ecosystem functioning, or BEF, which 123 

has been increasingly studied in recent decades (Cardinale et al. 2013, Gonzalez et al. 2020). It is 124 

generally recognized that biodiversity promotes community productivity (Cardinale et al. 2012, 125 

Urgoiti et al. 2022). Two phenomena are at the basis of this relationship: selection and 126 

complementarity effects. The selection effect describes how communities consisting of a greater 127 

number of species are more likely to contain a productive species (Loreau, 1998; Mulder et al., 128 

2001). The complementarity effect in resource use (or niche partitioning) describes the 129 

phenomenon of how differences in species’ resource use, including spatial and temporal variation 130 



in uptake, can result in greater overall community resource use, a reduction in intraspecific 131 

competition, and therefore greater community productivity (Gross et al., 2007; Cardinale, 2013). 132 

Together, the effect of selection and complementarity, i.e. the net biodiversity effect, can lead to 133 

the overyielding of communities, where community productivity is higher than the weighted 134 

productivity of monocultures of the constituent species (Loreau and Hector, 2001; Tobner et al., 135 

2014). Overyielding can be estimated using the Relative Yield Total (RYT) equation (Eq. 1), 136 

which compares the yield of a community to the yield of monocultures of species in that 137 

community. In this case, yield represents productivity in terms of biomass.  138 

Eq. 1 139 

 140 

The net biodiversity effect (NE) can be partitioned into components representing the selection 141 

effect (SE) and complementarity effect (CE) using a covariance decomposition, based on the 142 

Price equation (Loreau and Hector, 2001) (Eq. 2). This decomposition can be easily applied to 143 

the class data to quantify net diversity, selection, and complementarity effects and uncover the 144 

mechanisms responsible for the observed diversity-productivity relationship. 145 

Eq. 2  146 



 147 

Where, for a given mixture,  148 

• Mi = the yield of species i in monoculture; 149 

• YOi = the observed yield of species i in the mixture; 150 

• YO = ΣiYOi = the total observed yield of the mixture; 151 

• RYEi = the expected relative yield of species i in the mixture, which is simply its 152 

proportion seeded or planted; 153 

• RYOi = YOi / Mi = the observed relative yield of species i in the mixture; 154 

• YEi = RYEiMi = the expected yield of species i in mixture as the product of its initial 155 

relative yield in mixture and its yield in monoculture; 156 

• YE = ΣiYEi = the total expected yield of the mixture; 157 

• ∆Y = YO - YE = the deviation from the total expected yield of the mixture; 158 

• ∆RYi = RYOi - RYEi = the deviation from the expected relative yield of species i in the 159 

mixture 160 

• N = the number of species in the mixture. 161 

 162 



In this equation, NE is represented by ΔY, CE is represented by N∆RY������ 𝑀𝑀�   and SE is represented 163 

by Ncov(∆RY, M). An Excel file (see Appendix) can be provided to students to facilitate the 164 

application of the equation. Since this statistical procedure is complicated to understand and 165 

interpret (Bourrat et al. 2023), depending on the class level, it may be desired to instead focus 166 

only on calculating relative yields (Eq. 1) and then discuss the possible explanations (e.g., 167 

complementarity and selection) at a conceptual level. 168 

 169 

Functional diversity and phenotypic plasticity (extensions) 170 

In addition to quantifying species richness and biomass, students can measure simple 171 

morphological traits in order to quantify functional diversity and phenotypic plasticity. A 172 

theoretical foundation is also useful for student understanding. Functional diversity is a measure 173 

of diversity that is linked to the niche complementarity hypothesis since species’ resource use can 174 

be partially captured by their traits, such that communities made up of functionally similar 175 

species may be more redundant in their resource use (Loreau et al., 2001; Paquette and Messier, 176 

2011). Functional redundancy occurs when different species overlap in the niche positions (for 177 

example in their resource use) and leads to a saturation in the diversity-functioning relationship, 178 

where adding more species results in a functionally equivalent community (Tobner et al., 2014). 179 

For this reason, functional diversity is thought to have a more linear relationship with ecosystem 180 

functioning compared to species richness (Tobner et al., 2014). 181 

 182 

Functional diversity indices are calculated from measurements of species functional traits 183 

(Cantarel et al., 2013) which link species to the ecological impacts they have in the ecosystem. 184 



Functional traits can be physiological, morphological, or phenological, so long as they impact 185 

fitness through effects on survival, growth, or reproduction (Violle et al., 2007). Simple traits like 186 

frond area and total root length are easily measured on floating aquatic plants, are highly plastic, 187 

and are known to be related to resource acquisition including competition for nutrients and space 188 

(Jewell et al. 2023a; Jewell and Bell 2023). These traits can be measured by students by imaging, 189 

and subsequently used to calculate functional diversity using functional dispersion, an index 190 

which integrates species functional similarity and their relative abundances in a community 191 

(Laliberté and Legendre, 2010). This index is calculated for each community using the FD 192 

Package in R. A script can be provided to students (see Appendix 4). 193 

 194 

Although calculations of functional diversity rely on species expressing more or less consistent 195 

values of the given traits, intraspecific variation may arise for a number of reasons. Firstly, 196 

intraspecific genetic diversity may result in substantial trait variation within species. If cultures 197 

are purchased from banks, they will be clonal since reproduction in these species is almost 198 

exclusively asexual. However, if cultures originate from field samples, genetic diversity and 199 

intra-specific variation may be discussed (Jewell et al. 2023b). Secondly, a genotype may express 200 

different phenotypes in different environments, known as phenotypic plasticity (Bradshaw, 201 

1965). Plasticity allows species to respond to their abiotic and biotic environment within the 202 

lifetime of an individual (Miner et al., 2005). It is therefore possible that the mean trait values of 203 

species in monocultures differ from the mean values obtained within polycultures, which would 204 

indicate a plastic response to intraspecific competition. 205 

 206 



Strengths of duckweed as a model plant system  207 

This learning activity is carried out using communities of floating aquatic plants in the family 208 

Lemnaceae, aka. duckweed (Appenroth et al., 2013; Laird and Narks, 2018). These plants are 209 

aquatic monocotyledons that have been described as the smallest and simplest Angiosperms (Les 210 

et al., 2002). Duckweed is distinguished primarily by its single-frond morphology to which there 211 

may be between zero and more than a dozen unbranching roots. (Landolt, 1998; Laird and Narks, 212 

2018). Their small and simplified morphology, combined with vegetative asexual reproduction 213 

results in rapid growth and short generation times making them ideal models for research and 214 

teaching (Ziegler et al., 2015; Laird and Barks, 2018). Their small size makes feasible the 215 

establishment and manipulation of many replicate communities consisting of thousands of 216 

individuals, while their short generation time enables multi-generational experiments to be 217 

carried out over just a few weeks (Laird and Barks, 2018). The two weeks of growth prescribed 218 

here are sufficient to observe considerable biomass production in optimal environmental 219 

conditions (~3 doublings), allowing for both selection and complementarity effects to occur. 220 

Other species of floating aquatic macrophytes that are functionally similar to duckweeds and 221 

naturally coexist with them can also be used, such as some aquatic liverworts (see example 222 

below). 223 

 224 

Although all species of duckweed share a similar basic morphology and life history, they differ in 225 

a number of ecologically important characteristics. These include variation in frond size, the 226 

quantity and length of roots, position in the water column (floating or partially submerged), 227 

competitive ability, longevity, and reproductive rate (Lemon et al., 2001, Jewell et al. 2003b). 228 



These functional differences result in differences between inter- and intraspecific competition, 229 

and therefore the possibility of biodiversity effects such as resource use complementarity. 230 

Three naturally cooccurring species are recommended to facilitate manipulation. The first 231 

species, Lemna minor, is the common duckweed whose morphology consists of a single oval 232 

frond (2-5mm in diameter, weighing ~1mg) to which a single root is attached. This species is 233 

mainly characterized by a rapid growth rate and is the superior competitor in most environments 234 

(Jewell et al., 2023b). The second species is Spirodela polyrhiza, “greater duckweed,” and 235 

consists of a frond of larger diameter than L. minor (5 to 10 mm in diameter and weighing 4 mg 236 

on average) to which between 2 and 12 roots are attached. This species is easily distinguished 237 

from L. minor by its larger fronds and purple coloured ventral surface. Growth rate is often 238 

slower than that of L. minor (Lemon et al., 2001). The third recommended species is 239 

Ricciocarpus natans, an aquatic liverwort. Like duckweed, R. natans floats on the surface of the 240 

water and reproduces almost exclusively by asexual vegetative budding. The morphology of R. 241 

natans consists of a heart-shaped cordiform thallus (5 to 15 mm in diameter and weighing 15 mg 242 

on average) whose ventral face is covered with rhizomes. Other species of duckweed or 243 

liverworts can also be used depending on the supply possibilities. For example, Lemna trisculca, 244 

“star duckweed”, which forms branching chains of fronds, is a functionally unique species that 245 

may exhibit complementarity in the use of space. This species is partially submerged, floating 246 

just under the surface of the water, and therefore its inclusion in a mixture should decrease the 247 

strong competition for space in high nutrient growth environments, and indeed produced strong 248 

diversity effects in Couture et al., (2022). However, some species should be avoided for teaching 249 

purposes, specifically species in the genera Wolffia or Wolfiella are not recommended because of 250 



their small size which makes manipulation and measurement tedious (although for the same 251 

reasons they could be expected to show strong complementarity with other duckweed species).    252 

 253 

For the instructor, the first laboratory session consists of distributing the materials and 254 

supervising the inoculation of the plants into their culture media. Seven cultures are assembled 255 

per group. These are three monocultures (one per species), three polycultures of two species (all 256 

possible combinations) and one polyculture including all three species. This is considered a 257 

minimum and is feasible in the time frame suggested. However, in larger or more advanced 258 

classes, additional species, communities, and richness levels could be used and the protocol 259 

easily adapted accordingly. Each culture should contain 150 mL of culture medium and 150 mg 260 

of biological material in total. At the end of the session, the instructor must ensure that the 261 

cultures are clearly identified and closed to avoid contamination. The instructor should then place 262 

the cultures in a growth chamber for two weeks under the following conditions: 200 µmol 263 

light/m2/s, Light:Dark 16:8 and 25 o C.   264 

 265 

The second laboratory session is allocated for data collection. For each culture, the measurements 266 

include the total biomass, the biomass per species and the number of individuals of each species. 267 

The role of the instructor is to supervise the manipulations and compile the student data into a 268 

database, which can be given to the students at the end of the session. This database will allow 269 

the application of the RYT and partition equations which the students will use as the principal 270 

analyses to write their reports.  271 

 272 



If the instructor wishes to extend the experiment to include questions related to functional 273 

diversity or phenotypic plasticity, students will measure traits at the individual level which are 274 

averaged for each species in each flask. Suggested traits are total root length (root number x root 275 

length), frond area, frond mass and specific frond area (frond area / frond mass). Traits should be 276 

measured on a subset of each population (suggested 10 individuals per species per flask). Trait 277 

measurements can be taken by photographing plants pressed against a white background with a 278 

standard ruler mark and analyzed later using ImageJ (Appendix 3). Since plants are too light to be 279 

weighed individually, measurements of wet mass are estimated by dividing the total biomass of a 280 

species by the number of individuals of that species. Students will then be able to calculate the 281 

mean specific leaf area by dividing the mean frond area by the mean individual mass. These 282 

results can be added to the database initially provided by the instructor at the end of the second 283 

lab session. Students will then be able to calculate the functional dispersion index and compare 284 

individual trait values obtained in polycultures to those obtained in monocultures. 285 

 286 

Expected results 287 

It is expected that the more diverse cultures will have a higher total biomass produced. The more 288 

diverse cultures are then expected to show an overyielding (RYT greater than 1) and a net effect 289 

of biodiversity. It is also expected that the mean trait values of the species will vary with the 290 

presence of other species in the cultures. 291 

 292 

 293 

  294 



References 295 

 296 

Appenroth K.J., Borisjuk N., Lam E. (2013) Telling duckweed apart: genotyping technologies for 297 

the Lemnaceae. Chinese Journal of Applied and Environmental Biology, 19, 1–10. 298 

Bourrat P, Godsoe W, Pillai P, Gouhier TC, Ulrich W, Gotelli NJ, van Veelen M. (2023) What is 299 

the price of using the Price equation in ecology? Oikos, e10024. 300 

Bradshaw, A. D. (1965). Evolutionary significance of phenotypic plasticity in plants. Advances 301 

in genetics, 13(1), 115-155. 302 

Cantarel, A. A., Bloor, J. M., & Soussana, J. F. (2013). Four years of simulated climate change 303 

reduces above‐ground productivity and alters functional diversity in a grassland ecosystem. 304 

Journal of Vegetation Science, 24(1), 113-126. 305 

Cardinale, B. J. (2013). Towards a general theory of biodiversity for the Anthropocene. Elem Sci 306 

Anth, 1. 307 

Cardinale, B. J., Duffy, J. E., Gonzalez, A., Hooper, D. U., Perrings, C., Venail, P., ... & Kinzig, 308 

A. P. (2012). Biodiversity loss and its impact on humanity. Nature, 486(7401), 59-67. 309 

Couture A-A. 2022. L’effet de la diversité sur la productivité des communautés végétales 310 

changent-ils avec le temps? Une étude basée sur un modèle expérimental simplifié. MSc 311 

thesis. UQAM, Montréal. 312 

Gonzalez A., Germain RM, Srivastava DS, Filotas E, Dee LE, Gravel D, Thompson PL, Isbell F, 313 

Wang S, Kéfi S, Montoya J, Zelnik YR, Loreau M. (2020) Scaling-up biodiversity-314 

ecosystem functioning research. Ecology Letters, 23(4), 757-776.  315 



Gross, N., Suding, K. N., Lavorel, S., & Roumet, C. (2007). Complementarity as a mechanism of 316 

coexistence between functional groups of grasses. Journal of Ecology, 95(6), 1296-1305. 317 

Jewell, M.D., G. Bell. (2022) A basic community dynamics experiment: Disentangling 318 

deterministic and stochastic processes in structuring ecological communities. Ecology and 319 

Evolution. 12:1-8. 320 

Jewell, M.D., S. van Moorsel, G. Bell. (2023a) Presence of microbiome decreases fitness and 321 

modifies phenotype in the aquatic plant Lemna minor. AoB PLANTS 15(4). 322 

Jewell, M.D., S. van Moorsel, G. Bell. (2023b) Geographical distribution of floating aquatic 323 

plants in relation to environmental conditions in southern Quebec, Canada. Aquatic Botany, 324 

187 :103657. 325 

Jewell, M.D., G. Bell. (2023) Environmental and genetic variation in an asexual plant. Aquatic 326 

Botany, 188: 103675. 327 

Laird, R. A. & Barks, P. M. (2018). Skimming the surface: duckweed as a model system in 328 

ecology and evolution. American journal of botany, 105(12), 1962-1966. 329 

Laliberté, E., & Legendre, P. (2010). A distance‐based framework for measuring functional 330 

diversity from multiple traits. Ecology, 91(1), 299-305. 331 

Landolt, E. (1998). Lemnaceae. In Flowering Plants· Monocotyledons (pp. 264-270). Springer, 332 

Berlin, Heidelberg. 333 

Lemon, G. D., Posluszny, U., & Husband, B. C. (2001). Potential and realized rates of vegetative 334 

reproduction in Spirodela polyrhiza, Lemna minor, and Wolffia borealis. Aquatic Botany, 335 

70(1), 79-87. 336 



Les, D. H., Crawford, D. J., Landolt, E., Gabel, J. D., & Kimball, R. T. (2002). Phylogeny and 337 

systematics of Lemnaceae, the duckweed family. Systematic Botany, 27(2), 221-240. 338 

Loreau, M. (1998). Biodiversity and ecosystem functioning: a mechanistic model. Proceedings of 339 

the National Academy of Sciences, 95(10), 5632-5636. 340 

Loreau, M., & Hector, A. (2001). Partitioning selection and complementarity in biodiversity 341 

experiments. Nature, 412(6842), 72-76. 342 

Loreau, M., Naeem, S., Inchausti, P., Bengtsson, J., Grime, J. P., Hector, A., ... & Tilman, D. 343 

(2001). Biodiversity and ecosystem functioning: current knowledge and future challenges. 344 

science, 294(5543), 804-808. 345 

Maestre FT, Callaway RM, Valladares F, Lortie CJ. 2009. Refining the stress-gradient hypothesis 346 

for competition and facilitation in plant communities. Journal of Ecology 97: 199-205. 347 

Miner, B. G., Sultan, S. E., Morgan, S. G., Padilla, D. K., & Relyea, R. A. (2005). Ecological 348 

consequences of phenotypic plasticity. Trends in ecology & evolution, 20(12), 685-692. 349 

Mulder, C. P. H., Uliassi, D. D., & Doak, D. F. (2001). Physical stress and diversity-productivity 350 

relationships: the role of positive interactions. Proceedings of the National Academy of 351 

Sciences, 98(12), 6704-6708. 352 

Paquette, A., & Messier, C. (2011). The effect of biodiversity on tree productivity: from 353 

temperate to boreal forests. Global Ecology and Biogeography, 20(1), 170-180. 354 

Tobner, C. M., Paquette, A., Gravel, D., Reich, P. B., Williams, L. J., & Messier, C. (2016). 355 

Functional identity is the main driver of diversity effects in young tree communities. 356 

Ecology letters, 19(6), 638-647. 357 



Tobner, C. M., Paquette, A., Reich, P. B., Gravel, D., & Messier, C. (2014). Advancing 358 

biodiversity–ecosystem functioning science using high-density tree-based experiments over 359 

functional diversity gradients. Oecologia, 174(3), 609-621. 360 

Urgoiti J, Reich P, Gravel D, Keeton W, Messier C, Paquette A. 2022. No complementarity no 361 

gain - Net diversity effects on tree productivity occur once complementarity emerges 362 

during early stand development. Ecology Letters 25: 851-62. 363 

Violle, C., Navas, M. L., Vile, D., Kazakou, E., Fortunel, C., Hummel, I., & Garnier, E. (2007). 364 

Let the concept of trait be functional!. Oikos, 116(5), 882-892. 365 

Ziegler, P., Adelmann, K., Zimmer, S., Schmidt, C., & Appenroth, K. J. (2015). Relative in vitro 366 

growth rates of duckweeds (Lemnaceae)–the most rapidly growing higher plants. Plant 367 

Biology, 17, 33-41. 368 

 369 

  370 



Appendix 1 - Recipe for modified Hoagland’s E Medium.  371 

  

MgSO4 12.300 mg/L 

Ca(NO3) x 4 H2O 27.140 mg/L 

KH2PO4 4.3530 mg/L 

KNO4 12.625 mg/L 

H3BO3  71.50 µg/L 

MnCl2 x 4H2O 45.50 µg/L 

ZnSO4 x 7 H2O 5.500 µg/L 

NaMoO4 x 2 H2O 2.250 µg/L 

CuSO4 x 5 H2O 3.500 µg/L 

FeCl3 x 6 H2O 0.484 mg/L 

EDTA 1.500 mg/L 

The pH is set to 5.8 before autoclaving the media. 372 

 373 

  374 
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 376 
Appendix 2 – Student handout 377 

Biodiversity – Ecosystem functioning in duckweed communities 378 

 379 

 380 

Question 381 

 382 

What is the relationship between the biodiversity in community and its productivity? 383 

 384 

Summary 385 

 386 

The primary objective of this activity is to illustrate the relationship between plant diversity and 387 
community productivity. In this lab you will assemble a series of experimental duckweed communities, 388 
manipulating species richness. Each of the three species will be grown in monoculture, in every possible 389 
two-species combination as well as the full three-species community. All communities will be inoculated 390 
with the same total biomass. Mixed-species communities are inoculated with equal biomass of each 391 
species where biomass is measured as number of individual fronds multiplied by the species’ average 392 
frond mass.  393 

 394 

 395 

This exercise is completed over two laboratory sessions. In the first part you will assemble the 396 
experimental communities which will develop in growth chambers for two weeks. In the second part you 397 
will measure primary productivity as production of new biomass for each species of each community. 398 
This will be done by first sorting the communities into their constituent species and then counting the 399 
number of fronds for each species. Finally, to assess phenotypic plasticity in terms of average frond 400 
mass, the total biomass for each species for each community is weighed. 401 

 402 



Introduction 403 

 404 

Duckweed (Lemnaceae) is a family of small, morphologically reduced floating aquatic monocots. 405 
Consisting of five genera and 37 species, they are widespread, growing on every continent except 406 
Antarctica. Although reproduction is almost always by asexual and vegetative, certain environmental 407 
conditions may lead to the production of flowers and sexual reproduction making them the smallest 408 
known flowering plants (Angiosperms). Rapid growth often leads to the formation of clonal mats 409 
covering still mesotrophic and eutrophic ponds.  410 

Their reduced morphology consists of a single floating frond or thallus and in the case of the genus 411 
Lemna, a single root, Spirodela several roots, or Wolffia and Wolffiella, no roots.  412 

 413 

The last couple decades have seen a rapid growth in duckweed research and application. Two species in 414 
particular, Lemna minor and Spirodela polyrhiza have become model systems in ecotoxicology and are 415 
being developed for applications including agricultural and aquaculture animal and fish feed, wastewater 416 
remediation and biofuel production. They also serve as a useful model for ecological experiments. 417 

 418 

Although the common ducked (L. minor) sometimes grows in dense monocultures covering the entire 419 
surface of ponds, it is often found in diverse communities, coexisting with other species of duckweed 420 
and other floating plants like liverworts. Liverworts are a group of primitive non-vascular seedless plants 421 
that reproduce using spores and often resemble mosses, to which they are closely related. Although 422 
most species of liverworts are terrestrial, some have reverted to an aquatic life, and some, like 423 
Ricciocarpus spp. May have both terrestrial and aquatic forms. Although they possess a sexual phase, like 424 
duckweed, the vast majority of their reproduction is asexual and vegetative. 425 

 426 

 427 

 428 

Lemna Minor 

 

Common name:  
Minor duckweed 
 
Description: 
Morphology consists of a single 
frond and single root. The 
ventral surface is green. Frond 
diameter between 2-5mm. 
Daughter and grand-daughter 
fronds often remain attached 
to the grandmother to produce 
clusters of 3-8 individuals.  

 

 
 



Spirodela polyrhiza 

 
 

Common name:  
Major duckweed 
 
Description: 
Morphology consists of a single 
frond, each with several 
(between 2-12) roots. The 
ventral surface is purplish. 
Daughter and grand-daughter 
fronds often remain attached 
to the grandmother to produce 
clusters of 3-8 individuals. The 
largest frond diameter of the 3 
species, on average 5-10mm. 

 
 
 

 
 

Wolffia Columbiana 
 
 

 
 

Common name:  
Watermeal 
 
Description: 
Morphology consists of a single 
frond with no roots. Fronds 
measure only ~1 mm, 
significantly smaller than other 
species. Mother fronds will 
produce a single daughter 
frond and then divide before 
the daughter frond can 
produce their own offspring 
resulting in 2 attached fronds.   

 
 
 

 
 

 429 

 430 

 431 

Spirodella polyrhiza 

Lemna minor 

Wolffia columbiana 



 432 

 433 

PART 1 434 

 435 

Develop your predictions: 436 

1. How might community biomass change as a function of the number of species in the 437 
community? Describe both graphically and in writing. 438 

2. What mechanisms might influence productivity in a multi-species community? 439 
 440 

Materials (per group of 2 students): 441 

 442 

• 1.5L of 10% Hoagland’s growth media 443 
• graduated cylinders to dispense media into flasks 444 
• 7 250mL Erlenmeyer flasks 445 
• 2 bacterial loops 446 
• 3 beakers full of each of the 3 species 447 
• labelling tape 448 
• marker 449 

 450 

Methods: 451 

 452 

Clonal populations of each species have been propagated in the lab under sterile conditions. Given that 453 
populations originate from a single individual, intraspecific diversity is negligible, originating only form 454 
mutation. Fresh nutrient-rich growth media has been prepared in advance in which to grow the 455 
experimental communities.  456 

 457 

• In a group of 2, acquire all necessary materials. 458 
• Fill all (7) Erlenmeyer flasks with 150 mL of growth media 459 
• Label the flasks as follows: 460 
• Species richness, Species codes, Group number 461 

For example, 462 

1, Lm, 3  indicates Lemna minor in monoculture, belonging to group 3 463 

3, Lm-Sp-Wc, 3  indicates the full 3-speces community, belonging to group 3 464 

• Next, you will inoculate your flasks with the corresponding duckweed species to generate the 465 
desired communities. Each flask should start with a total of 150mg of biomass. Using the 466 
bacterial loop, hook fronds one at a time, taking care not to break off roots.  467 



 468 

Species name Species Code Average frond mass 
Lemna minor Lm 1mg 
Spirodela polyrhiza Sp 4mg 
Ricciocarpus natans Rn 15mg 

 469 

 470 

Calculate the number of fronds for each species to be added to each flask. 471 

Monoculture 472 

 Lm: ______ 473 

 Sp: ______ 474 

 Rn:______ 475 

 476 

2 species communities 477 

Lm: ______ 478 

 Sp: ______ 479 

 Rn:______ 480 

 481 

3 species community 482 

Lm: ______ 483 

 Sp: ______ 484 

 Rn:______ 485 

 486 

**A note on frond counting.  487 

Since data will be pooled across groups, it is essential that there is consistency between groups when it 488 
comes to frond counting. The simplest standardized protocol is to count all daughter and grand-daughter 489 
fronds as individuals, even when still attached. This means that frond count should include all budding 490 
fronds visible to the naked eye. For Ricciocarpus natans, count each lobe as an individual. 491 

 492 

Cultures are then transferred to controlled growth chambers for two weeks at the following conditions: 493 
200umol light /m2/s, light-dark cycle of 16/8, 25oC.  494 



 495 

PART 2 496 

 497 

Materials (per group of 2): 498 

 499 

• the 7 flasks from Lab 1 500 
• 3 beakers 501 
• 3 bacterial loops 502 
• 2 counters 503 
• 1 large tub 504 
• 1 balance  505 
• 1 strainer 506 
• weighing trays 507 
• paper towel 508 
• camera (phone) 509 

 510 

Methods: 511 

 512 

For each flask: 513 

• Empty the contents into the tub. 514 
• Sort the community by species, isolating each species into its own beaker. Use your clickers to 515 

count the number of individuals as you go. 516 
• Record frond number on your data sheet. 517 
• After species have been sorted, counted and recorded for a community, measure the wet mass 518 

of each species in the community. 519 
• Strain one species, empty the biomass onto paper towel, blot dry by pressing plants between 520 

two sheets (like pressing leaves), then empty contents into a weighing tray. 521 
• Record the total mass for each species for each community on your data sheet. 522 

 523 

 524 

Data sheet 525 

 526 

Species Species 
richness 

Other species in 
the community 

Number of 
fronds 

Total wet-mass 
(mg) 

     
     
     



     
     
     
     
     
     

 527 

 528 

  529 



Appendix 3 - Protocol for trait measurements using ImageJ  530 

 531 

 532 
This document describes the protocol to measure frond area, and can be extended to use other 533 
traits such as root length. Before beginning, note that the use of an external mouse instead of a 534 
track pad will greatly facilitate measurements. 535 

• Download the program Image J (imageJ.net)536 

 537 
 538 

• Open one image at a time in ImageJ 539 
File -> Open -> Choose image 540 

 541 
• With a help of the “straight line” tool in the top tool bar, trace the diameter of the beaker 542 

 543 
 544 



 545 
• Analyse -> Set scale. Use the known measure of the beaker’s diameter to calibrate the 546 

“Known distance”. Don’t forget to use the correct units,. 547 
• Choose the “freehand line tool”  548 

 549 

 550 
 551 

• In each image, measure the surface area of 10 randomly selected fronds  552 
• Start by carefully tracing the perimeter of the frond 553 

 554 
 555 

• Select “Analyse -> Measure” to obtain the surface area 556 



 557 
 558 

 559 

 560 

  561 



Appendix 4 – R Code for Functional Dispersion 562 

 563 

##set working directory 564 
setwd("”) 565 
#import the the files containing trait measurements and biomass 566 
Traits <-read.csv("Traits.csv", header = TRUE, sep = ";", row.name=1)  567 
M.biomass <-read.csv("M.biomasse.csv", header = TRUE, sep = ";", 568 
row.name=1) 569 
#convert the biomass file into a matrix  570 
M.biomasse<-as.matrix(M.biomass) 571 
#calculate functional dispersion 572 
library(FD) 573 
d=dist(Traits) 574 
#calcul de la dispersion fonctionnelle  575 
DF <- fdisp(d, M.biomasse) 576 
DF$FDis 577 

 578 


