

[image: image1]
Ecophysiology of Layered Macroalgal Assemblages: Importance of Subcanopy Species Biodiversity in Buffering Primary Production









	
	ORIGINAL RESEARCH
published: 26 November 2018
doi: 10.3389/fmars.2018.00444





[image: image2]

Ecophysiology of Layered Macroalgal Assemblages: Importance of Subcanopy Species Biodiversity in Buffering Primary Production


Leigh W. Tait1,2* and David R. Schiel1


1Marine Ecology Research Group, School of Biological Sciences, University of Canterbury, Christchurch, New Zealand

2National Institute of Water and Atmospheric Research Ltd, Christchurch, New Zealand

Edited by:
Katherine Dafforn, Macquarie University, Australia

Reviewed by:
Mariana Mayer Pinto, University of New South Wales, Australia
 Angel Pérez-Ruzafa, Universidad de Murcia, Spain

* Correspondence: Leigh W. Tait, leigh.tait@niwa.co.nz

Specialty section: This article was submitted to Marine Ecosystem Ecology, a section of the journal Frontiers in Marine Science

Received: 06 June 2018
 Accepted: 05 November 2018
 Published: 26 November 2018

Citation: Tait LW and Schiel DR (2018) Ecophysiology of Layered Macroalgal Assemblages: Importance of Subcanopy Species Biodiversity in Buffering Primary Production. Front. Mar. Sci. 5:444. doi: 10.3389/fmars.2018.00444



Shallow coastal rocky reefs worldwide have faced large-scale loss of biodiversity, yet little is known about the contributions of highly diverse multi-layered autotrophic species to ecosystem function over long periods. In this study we tested the role of functional diversity on net primary productivity (NPP) of macroalgal assemblages in one-off, and multi-year experiments. We removed canopy (perennial fucoid), mid-canopy and basal algae (turfing and encrusting algae) in intertidal assemblages and used in situ photorespirometry to measure recovery of NPP over 2 years. Experimental removal of the canopy caused a >50% decline in NPP, which remained significantly lower than undisturbed assemblages for up to 24 months. Removal of midcanopy and basal algae reduced NPP by >25%, but converged with controls after just 6–12 months. Canopy loss greatly reduced NPP for long periods and productivity began recovering only after the recruitment of the canopy-forming species. Subcanopy species composition varied with experimental disturbance treatment and through time, but consistently contributed to total assemblage NPP. High irradiance in the shallow intertidal zone may be vital to a maximizing the efficiency of light harvesting, and the spatial and temporal variations in species composition may play a critical role in buffering carbon fixation of macroalgal assemblages.
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INTRODUCTION

Primary production is one of the most important functions of autotrophic assemblages, and macroalgae, the dominant primary producers of nearshore temperate marine ecosystems, are widely recognized as some of the most productive habitat-dominating organisms on a per-area basis (Mann, 1973; Gattuso et al., 2006). Macroalgae contribute significantly to coastal ecosystems (Anderson and Polis, 1998) and isotopic signatures of macroalgae can be found in organisms several kilometers offshore (Hill et al., 2006) and even in deep offshore basins (Fischer and Wiencke, 1992). However, large algae are susceptible to perturbations and biomass loss through a wide range of stressors (Schiel, 2006; Reed et al., 2011) including increased coastal run-off and sedimentation (Irving et al., 2009; Foster and Schiel, 2010), poor water quality (Foster and Schiel, 2010; Krause-Jensen et al., 2012), and increased temperatures (Schiel et al., 2004; Connell and Russell, 2010; Wernberg et al., 2010). There is increasing scrutiny of the interactions between multi-layered autotrophic assemblages in marine systems (Binzer and Sand-Jensen, 2002; Binzer et al., 2006; Miller et al., 2009; Harrer et al., 2013), particularly the potential for compensatory dynamics (Miller et al., 2009) and complementarity (Stachowicz et al., 2008; Tait et al., 2014; Bulleri et al., 2016) among benthic autotrophs. Yet the contribution of multi-layered autotrophic assemblages to primary productivity in the dynamic shallow marine environment has been poorly explored.

Most plant communities are vertically structured, resulting in light delivery that is variable to different layers (Mission et al., 2007; Sand-Jensen et al., 2007; Arkema et al., 2009; Mercado et al., 2009; Harrer et al., 2013) Because of high rates of photon capture within canopies, light can be a limiting resource in the subcanopy assemblage. In giant kelp forests [i.e., Macrocystis pyrifera (Linnaeus) C. Agardh], for example, light reaching the subcanopy is 90–98% less than that at the surface, with basal, reef-covering species receiving even less light (Neushul, 1971; Reed and Foster, 1984; Santelices and Ojeda, 1984). Primary productivity dynamics, however, have been mostly concerned with canopy species (Mann, 1973; Gollety et al., 2008; Reed et al., 2008; Migne et al., 2015). By comparison, the subcanopy of terrestrial forest ecosystems may contribute up to 30% of total ecosystem NPP (Mission et al., 2007), and the subcanopy of macroalgal assemblages could be equally important (Miller et al., 2009, 2011).

Light distribution within terrestrial forest canopies is critical for parameterizing photosynthetic models, including the relative contribution of diffuse and direct light (Roderick et al., 2001; Roderick, 2006), but the full canopy light-field has rarely been incorporated into marine photosynthetic models. This is surprising given the opportunity to directly measure integrated assemblage photosynthesis (Tait and Schiel, 2010), with the potential to calibrate and compare developing aquatic eddy-covariance methods for estimating whole ecosystem fluxes (Attard et al., 2014). Furthermore, the often compromised marine light environment is subject to variability on scales generally not seen in terrestrial systems. In particular, the lensing of light on the sea surface (Stramski and Legendre, 1992; Veal et al., 2010), the occlusion of light by suspended particles (both inorganic and organic), and changing tidal levels (Anthony et al., 2004) affect light attenuation to the benthos over multiple temporal and spatial scales, with largely unknown consequences to photosynthesis of multi-layered assemblages.

While total ecosystem models of NPP in terrestrial systems have developed beyond “big-leaf” models to better account for canopy and subcanopy interactions (Dai et al., 2004), there has been a general lack of integration of subcanopy photosynthesis into models of marine macrophyte production. Because there is a strong gradient of irradiance through macroalgal canopies (Reed and Foster, 1984; Harrer et al., 2013), different taxa or layers beneath canopies show photosynthetic responses that reflect their immediate light climate and their photoadapted state (Binzer et al., 2006). This has implications for the compensatory response of subcanopy layers to canopy loss (Miller et al., 2011), whereby subcanopy species inhabiting a low-light environment can respond positively to elevated radiation. These sorts of mechanisms may be manifested through time in natural communities, however, as cascading losses may occur in some cases or quick recovery in others.

Here we test the role of different canopy layers on net primary productivity (NPP) of algal assemblages and their ability to compensate for the loss of species using in situ photorespirometry (Tait and Schiel, 2010). We manipulated canopy and subcanopy species of assemblages in southern New Zealand and Oregon, USA, and tested how NPP responds over the full range of light intensities encountered in shallow intertidal systems. Furthermore, we tested changes in NPP dynamics of manipulated assemblages over 2 years (New Zealand only) to examine the functional roles of canopy species and some of the less conspicuous subcanopy species, which comprise most of the diversity in these systems (Lilley and Schiel, 2006; Schiel, 2006). To better understand species redundancy during recovery in the subcanopy, ephemeral subcanopy species (low biomass, high productivity), and perennial subcanopy species (high biomass, low productivity; primarily articulated calcareous algae) were further separated into two nominal components, basal algae (encrusting and articulate coralline algae) and midcanopy algae (perennial and ephemeral species beneath canopies, but above basal species).

In situ photorespirometry provides an instantaneous measure of the photosynthetic capacity of these assemblages with little alteration of natural conditions. This allowed NPP of assemblages to be followed through time along their natural trajectory of recovery. Through a series of experimental manipulations of the canopy, midcanopy, and basal turfing and encrusting components of algal assemblages we test, (a) the consequences of removing assemblage components on primary productivity, (b) whether and to what degree there is compensation for the loss of any assemblage components, and (c) the time trajectory over 2 years for any compensatory dynamics to occur.

METHODS

Study Sites, Incubation Protocol and Standardization

Manipulation of layered macroalgal assemblages was done in two ways: (1) one-off manipulations of canopy and subcanopy components at two shore-heights in New Zealand and Oregon, and (2) tracking recovery dynamics of several canopy manipulations over 2 years in the mid shore of New Zealand.

One-off canopy manipulation experiments were done in assemblages dominated by the fucoid algae Hormosira banksii (Turner) Desicaine and Cystophora torulosa (R. Brown ex Turner) J. Agardh at Wairepo Reef, Kaikoura New Zealand (42° 25′ S, 173° 42′ E) and the fucoid algae Pelvetiopsis limitata (Setchell) N.L. Gardner and Fucus distichus (Linnaeus) at Fogarty Creek Reef, Oregon USA (44°51′ N, 124° 03′ W). The same three treatments were used in both locations: (1) intact assemblages, (2) removal of subcanopy assemblages (canopy only), and (3) removal of canopy species leaving the subcanopy assemblage intact. Photorespirometry incubations were performed on control and treatment assemblages at least 24 h after canopy and subcanopy removal. These experiments were done in austral summer in New Zealand (January 2009) and boreal summer in Oregon (June 2009).

Incubations employed custom-designed photorespirometry chambers (Tait and Schiel, 2010) which were sealed around target assemblages prior to incubations and removed afterwards to limit any long-term effects. This allowed the same assemblages to be resampled over time, while being exposed to natural conditions and successional processes. Oxygen concentrations were measured using a Hach LDO meter and water was exchanged at intervals of 10 min to avoid super-saturation of oxygen (Tait and Schiel, 2010). During incubations, light and temperature were measured using HOBO (Onset ©) loggers, with light converted to irradiance by cross-calibration with a Li-Cor LI 192 quantum sensor. All visible macro-invertebrates were hand-removed from the assemblages and a water pump was used to remove sediments and micro-invertebrates from coralline turfs to exclude most of the heterotrophic respiration. Incubation series during sunlight were run for 2–3 h per day (individual incubations being 10 min each), and incubation series at night (i.e., to measure respiration rates) were run for 1 h. All incubations (day and night) were done on rising tides when chambers were submerged.

To construct productivity-irradiance (P-E) curves and relevant photosynthesis parameters for each independent replicate plot, primary productivity data were collected under a range of natural light intensities from 0 to c. 2000 μmol m−2s−1. For this reason, data on a single replicate assemblage were often collected over several days, and an entire sampling run (i.e., all replicates of all treatments) could last up to 3 weeks. Because incubations were dependent on the timing of low tide (i.e., when it is possible to install the chambers), time of day for incubations was therefore random between sampling visits. Furthermore, low light values (e.g., below 500 μmol m−2s−1) occurred for several reasons: high cloud cover, turbid water, and no cloud cover but low sun angle (i.e., morning or evening incubations). While there are potentially confounding effects associated with circadian rhythms of macroalgal species and the differences in delivery of direct or diffuse light, randomization of chamber allocation across canopy treatments resulted in the even distribution of biases across treatments. It is possible, however, that differences between sampling visits for the long-term experiment were affected in some way by specific combinations in these confounding variables.

For analyses, NPP data were standardized either to grams dry weight of algal material (mg O2 gDW−1 h−1) or to area of reef substratum (g O2 m−2 h−1). Data standardized to reef area gave an ecologically relevant measure of production, which identified the potential carbon fixation of assemblages along a shore. Per-weight standardization was done for one-off canopy manipulations by harvesting, drying and weighing all algae following incubations. Weight-specific estimates give an indication of species-specific primary productivity, which depends on morphology and thallus thickness (Miller et al., 2009) and accounts for the large loss of biomass associated with recent canopy removal. However, in long-term manipulation experiments where recovery of photosynthetic rates was followed over a 2-year period, and assemblages could not be directly harvested, data were standardized by area of reef.

Contribution of Canopy and Subcanopy to NPP

In New Zealand, one-off tests of canopy and subcanopy removal were done on three replicate assemblages (n = 3) of each treatment (intact assemblage, canopy only, and subcanopy only) for assemblages dominated by C. torulosa and H. banksii over a period of 2 weeks. The subcanopy of both assemblages consisted primarily of the coralline turf Corallina officinalis (Linnaeus), and a range of red, brown and green macroalgae [browns: Carpophyllum maschalocarpum (Turner) Grev., Colpomenia bullosa (Saunders) Yamada, Halopteris virgata (Hook F. and Harv.) N.M. Adams, Cystophora scalaris (J. Agardh), reds: Champia novea-zealandia (J.D. Hooker and Harvey) Hooker, Lophothamnion hirtum (J.D. Hooker and Harvey) Womersley, and greens: Ulva intestinalis (Linnaeus), Ulva pertusa (Linnaeus)].

One-off tests of canopy (F. distichus and P. limitata) and subcanopy [predominantly Mazzaella affinis (Harvey) Fredericq, Mastocarpus papillatus (C. Agardh) Kützing, Endocladia muricata (J. Agardh), and Cladophora columbiana (Collins) N.L. Gardner] removal in Oregon were done in June 2009, with three replicate plots (n = 3) of each treatment (intact assemblage, canopy only and subcanopy only) in assemblages dominated by F. distichus and P. limitata over a period of 2 weeks.

Oxygen production data were collected over a range of light conditions (0– c.2000 μmol m−2s−1) and related to incident light intensity averaged over the period of the incubation. Furthermore, the photosynthetic parameters α, Pm, Ec, and R were calculated for each assemblage (H. banksii, C. torulosa, P. limitata, and F. distichus) and each experimental treatment (intact assemblage, canopy alone, and subcanopy alone).

Recovery of NPP Following Component Loss

To test the redundancy in species contributions to assemblage primary productivity over time, control and removal plots were set up in the middle of the algal zone (0.2 m above LAT) at Wairepo Reef, Kaikoura (Schiel et al., 2006). Three initial treatments were used: (1) unmanipulated control (“intact assemblage”), (2) the dominant midcanopy species were carefully cut away while maintaining the cover of the dominant canopy and basal encrusting and turfing coralline species (“canopy + basal”), and (3) the canopy was cut away leaving the midcanopy and basal assemblage intact (“basal + midcanopy”). A year later, a fourth treatment (“Canopy + midcanopy”) was added to test the role of basal species on NPP dynamics; the turfing and encrusting basal layer of mostly C. officinalis was carefully scraped away along with any attached epiphytes, leaving the canopy and midcanopy species intact. There were three replicate plots (n = 3) for each treatment. All removal treatments were a one-off pulse removal. The first three treatments were set up in November 2008 and the fourth treatment in November 2009. All plots were 50 × 50 cm within which a photorespirometry chamber was set up (a chamber enclosed a reef area of 314 cm2). The plots were sampled with a gridded quadrat to determine the cover of each species when the plots were initiated and then at 3, 6, 12, and 24 months.

The three initial treatments were analyzed directly after species removals, and at 3, 6, 12, and 24 months after removal. The “canopy + midcanopy” treatment was tested at the time of removal, and at 6 and 12 months after removal. All macroalgal species covering an area greater than 0.5% of the substratum within the 50 × 50 cm experimental plots were recorded and their percentage cover estimated at each sampling time.

Subcanopy Irradiance Environment

To gauge the light intensity reaching subcanopy species, understory irradiance was examined by comparing the light penetrating the canopy to that outside of canopies. Light intensity was logged every second during 2 h periods on four occasions (to cover a wide range of light conditions and tidal heights), during incoming tides above and below canopies of H. banksii (n = 4) in Kaikoura. Light was measured using HOBO (Onset Corporation) light loggers cross-calibrated with a cosine corrected LiCor LI-192 quantum sensor. An exponential function was then fitted to the raw HOBO data to convert lum/ft2 to irradiance as PAR (μmol m−2 s−1), similar to Long et al. (2012).

Four light loggers were placed beneath four algal canopies simultaneously (i.e., 16 light loggers beneath canopies and 2 loggers outside canopies). The four understory loggers were arranged to account for the angle of the sun relative to the macroalgal canopy (i.e., one logger unshaded, one shaded and two on either side of the canopy), with understory irradiance averaged between the four loggers (over 30 s intervals). Subcanopy irradiance was compared to ambient (outside canopy) irradiance, using loggers placed on nearby open reef outside of algal canopies. The maximum irradiance estimated was 2,160 μmol m−2 s−1 on a sunny day with light directly overhead; irradiance below 800 μmol m−2 s−1 was typically associated with cloud cover. Periods of tidal emergence of light sensors were filtered from the data set.

Statistical Analyses

P-E curves were analyzed by comparing photosynthetic parameters after fitting curves of the form:
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Walsby (1997), where R = respiration rate, photosynthetic efficiency (α), and maximum primary productivity (Pm). Compensating irradiance (Ec), the irradiance at which photosynthesis and respiration are equal was also calculated. Differences in each of the four photosynthetic parameters across canopy removal treatments for one-off removals were analyzed using two-way ANOVA with the fixed factors of “canopy treatment” and “shore height” separated for New Zealand (upper shore, Hormosira banksii; lower shore, Cystophora torulosa) and USA (upper shore, Pelvetiopsis limitata; lower shore, Fucus distichus). For significant treatment effects Holm-Sidak comparisons were also made to examine differences between canopy treatment combinations for each photosynthetic parameter. For long-term recovery experiments, differences in each photosynthetic parameter were analyzed separately for each canopy treatment through time. Two-way ANOVA between time and canopy treatment was not done due to an imbalanced design (i.e., the “Canopy + midcanopy” treatment was initiated later than the other treatments).

The recovery of NPP (per reef area, g O2 m−2 h−1) over time was tested using factorial ANOVA of treatments, across three levels of irradiance and at five sampling periods, 0, 3, 6, 12, and 24 months (all fixed factors), following removal. These data were analyzed by binning data across treatments and time into irradiance ranges of 100–200 μmol m−2 s−1 (low), 800–1200 μmol m−2 s−1 (mid) and 1600+ μmol m−2 s−1 (high). Data were binned for this analysis for two reasons: (1) imbalance in the collection of data across a full irradiance range between sampling visits meant that some independent replicate plots could be described by many individual data-points (i.e., 10 min incubations), while some could be described by only a single data-point; and (2) each irradiance category was related to three major trends in the P-E curves (i.e., at low irradiance canopies alone often outperformed assemblages, at mid irradiance most canopy combinations were relatively equal, and high irradiance where assemblages often outperformed canopies). Holm-Sidak comparisons of canopy treatments over time were also used to analyze the point in time at which differences between canopy removal treatments and intact assemblages were non-significant.

Recovery of the percent cover of dominant species (H. banksii, C. torulosa, and C. officinalis) and the remaining species (combined) were analyzed separately by two-way ANOVA (“time” and “canopy treatment”).

Prior to ANOVA, variance heterogeneity was tested with Cochran's C-tests and removed with log transformation when required. Student-Newman-Keuls (SNK) tests were done for a posteriori comparisons of the means.

RESULTS

Effects of Assemblage Component Removal on NPP

Removal of canopy and subcanopy components from macroalgal assemblages in New Zealand and Oregon (USA) showed that individual components (i.e., canopy only and subcanopy only) had saturating or photoinhibition responses to increasing irradiance, whereas intact assemblages showed a continuous rise in productivity (Figure 1). The canopy and subcanopy components of upper shore assemblages in New Zealand (Figure 1A) had saturating relationships with increasing irradiance, but intact assemblages had reduced productivity at low irradiance and elevated productivity at high irradiance relative to the canopy alone. Upper shore intact assemblages in Oregon (Figure 1B) had a similar continuous increase in productivity with irradiance, but the canopy and subcanopy components showed saturation at high irradiance. Lower shore assemblages in New Zealand (Figure 1C) and Oregon (Figure 1D) had saturation responses in canopy and subcanopy components, and a continuous rise in intact assemblage productivity with irradiance. While the canopy alone generally exceeded productivity of the intact assemblages at low to moderate irradiance, the presence of the subcanopy buffered the effects of saturation or photoinhibition of photosynthesis at high irradiance.
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FIGURE 1. Primary productivity of four macroalgal assemblages in New Zealand and Oregon across a full range of natural irradiance. Assemblages were experimentally manipulated by removing components to examine the contribution of the canopy and subcanopy assemblages compared to intact assemblages. Treatments were intact assemblages (controls, solid line), canopy only (small dashed line), and subcanopy only (large dashed line). The four assemblages were the mid-high intertidal assemblages dominated by Hormosira banksii [(A), New Zealand] and Pelvetiopsis limitata [(B), Oregon, USA], and the mid-low intertidal assemblages dominated by Cystophora torulosa [(C), New Zealand] and Fucus distichus [(D), Oregon, USA]. Data were standardized by dry biomass (mg O2 gDW−1 h−1). Note the different scales of y-axes.



Analysis of the photosynthetic parameters across canopy treatments and shore heights showed that low shore New Zealand and Oregon (USA) macroalgal assemblages had higher photosynthetic efficiency (α), maximum productivity (Pm), and respiration (R) (Figure 1, Supplementary Tables 1, 2). Maximum productivity (Pm) and compensating irradiance (Ec) varied between treatments for both New Zealand and Oregon (USA) assemblages. Pm was significantly different between all canopy treatment combinations for both New Zealand and Oregon (USA) assemblages (Supplementary Tables 1, 2) and Ec was significantly lower in intact assemblages compared to the subcanopy alone in both New Zealand and Oregon (USA). New Zealand assemblages also showed lower respiration in the subcanopy compared to both the canopy alone and intact assemblages (Supplementary Table 1). There was also significantly higher photosynthetic efficiency (α) of the canopy alone compared to the subcanopy in New Zealand assemblages (Supplementary Table 1).

NPP and Assemblage Recovery

During the long-term experiments in New Zealand there was considerable variation in the productivity–irradiance (P-E) curves, among treatments and among times within treatments (Figure 2). Intact assemblages (Figure 2A) had consistent productivity dynamics across the 2-year study period. However, the saturating curves represent a relatively poor fit as highlighted by the gray shaded areas (Figure 2A), including: (i) under estimation of photosynthetic efficiency at low irradiance, particularly during winter, (ii) over estimation of photosynthesis at moderate light intensities, and (iii) under estimation of photosynthesis at high irradiance (Figure 2A). Removal of the midcanopy component caused a decline in assemblage productivity relative to control (i.e., intact assemblage) levels (Figure 2B), but showed recovery to control levels at 12 months. Removal of the canopy caused the greatest reduction in productivity (Figure 2C) and had not recovered to control levels after 24 months. Removal of the basal component also caused an initial drop in productivity, but this recovered to control levels by 12 months (Figure 2D).
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FIGURE 2. Productivity-irradiance (P-E) curves through time for experimentally manipulated in situ assemblages (standardized by reef area g O2 m−2 h−1), including intact assemblages (A), the canopy + basal [midcanopy removed; (B)], basal + midcanopy [canopy removed; (C)], and canopy + midcanopy [basal removed; (D)] treatments. All treatment assemblages fitted by saturating photosynthetic curves (Walsby, 1997) for each sampling period. Intact assemblages show relatively poor fit to saturating photosynthetic curves as highlighted by the gray shaded areas (A). The canopy + midcanopy treatment was initiated 12 months after other treatments and has P-E curves at 0, 6, and 12 months after treatment initiation. The gray area represent the deviation of residuals from predicted as represented by the inset graph on (A).



Analysis of changes in photosynthetic parameters over time for each canopy treatment showed little difference in maximum photosynthesis (Pm) for intact assemblages (Table 1). However, “canopy + basal,” and “canopy + midcanopy,” and “basal + midcanopy” had variable Pm during the recovery period associated with a large drop in NPP after the loss of midcanopy, basal and canopy components, respectively (Table 1; in all cases the reference for time 0 is the control, intact assemblage). Photosynthetic efficiency of intact assemblages (α) varied with seasonal sampling, particularly during winter (at 3 months). Increasing efficiency is indicative of adapting to lower ambient light intensities. All treatments had variable efficiency over time, with α generally increasing with the recovery of assemblages. Respiration rate (R) increased over time with the recovery of the “basal + midcanopy” treatment, but did not change significantly in all other treatments. Compensating irradiance (Ec), the point at which algae go from net respiration into net production, also varied at the 3-month winter sampling period, with lower compensating irradiance than during summer for the intact assemblages. Compensating irradiance (Ec) is calculated from α and R, and given the highly significant differences in α over time suggests that variation in light-use efficiency (α) was the main driver of Ec rather than R.


Table 1. Photosynthetic parameters of intact and treated macroalgal assemblages over time (±SE).
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To gain a clearer view of NPP among treatments across times, we analyzed average productivity within three irradiance bins: low (100–200 μmol m−2s−1), mid (800–1200 μmol m−2s−1), and high (>1600 μmol m−2s−1) (Figures 3A–C, Supplementary Table 3). NPP per area varied relatively little over time at mid and low irradiances, except for peaks at 3 months in most treatments due to greater photosynthetic efficiency during winter (Figures 3A,B). The canopy removal treatment (basal + midcanopy) had lower NPP throughout the 24-month period. It was clear that at high irradiance for treatments with canopies, overall NPP was far greater than that at low and mid irradiance, reflective of the non-saturating curves seen in Figure 1. Statistically, there were significant interactions between irradiance and treatment (F4, 90 = 21.3, p < 0.001), recovery time and treatment (F8, 90 = 3.5, p = 0.001), and irradiance and time (irradiance x time F8, 90 = 2.2, p = 0.03). The interaction between irradiance and treatment was associated with increasing differences in NPP of treatments, particularly the narrowing gap between NPP of the basal + midcanopy treatment compared to intact assemblages during recovery.
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FIGURE 3. Primary productivity (±SE) at 0, 3, 6, 12, and 24 months after removal of assemblage components at low 100–200 μmol m−2 s−1 (A), mid 800–1200 μmol m−2 s−1 (B) and high 1600+ μmol m−2 s−1 (C) irradiance levels; and the change in percent cover of the dominant assemblage components for intact assemblages (D), canopy + basal (E), and basal + midcanopy (F). Percent cover shown for Hormosira banksii, Cystophora torulosa, Corallina officinalis, with all remaining species summed for a combined percent cover.



The persistently dominant species were H. banksii in the canopy, Corallina officinalis on the primary substratum, and C. torulosa in the midcanopy (Figures 3D,E). Most of the “remaining species” were ephemeral algae that came and went through time and were particularly evident in the basal + midcanopy treatment where the canopy had been removed (Figure 3F). It is these species that comprised most of the macroalgal species richness of the assemblages (Figure 4). Although the identity of these ephemeral species varied over time, the overall cover of these species changed little throughout the 2-year period and there was little difference in total cover between treatments. After the removal of the canopy (basal + midcanopy), the cover of several species declined greatly, including C. torulosa (Figure 3F) and Carpophyllum maschalocarpum (Figure 4). These species form canopies on the lower shore (C. torulosa) and the immediate subtidal zone (C. maschalocarpum), but occur in the subcanopy beneath H. banksii in the mid-high intertidal zone. The presence and cover of individual ephemeral species varied between treatments with several ephemeral species recruiting in relatively high densities into the basal + midcanopy plots. The delayed recovery of NPP in the canopy removal treatments (basal + midcanopy in Figures 3A–C) was associated with the slow recruitment of the dominant canopy-former H. banksii (Figure 3F). There were no significant changes in % cover over time in intact assemblages and canopy + basal treatments (F4, 90 = 0.30, p = 0.87 and F4, 90 = 0.44, p = 0.78 respectively), but there was a significant recovery in cover of some species (H. banksii) and decline in others (C. torulosa) in the basal + midcanopy treatment, as indicated by significant interaction between species and time (F12, 90 = 11.6, p < 0.0001).
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FIGURE 4. Average percent cover (±SE) of macroalgal species within control (intact assemblage) and experimental plots (canopy + basal, basal + midcanopy) 0 months (A), 3 months after removal (B), 6 months (C), 12 months (D), and 24 months after removal (E). Y-axis is log10 scale to better visualize presence of macroalgae with low percent cover.



Influence of Subcanopy Irradiance on Assemblage Productivity

Across a full range of light intensities, understory irradiance was only about 4% of above-canopy light levels (Figure 5A). Understory irradiance varied little when ambient light was less than c. 1,000 μmol m−2 s−1, but was increasingly variable beyond c. 1,200 μmol m−2 s−1. This variation was due to the movement of the canopy with water motion, constantly covering and exposing the subcanopy to shade and light flecks. Furthermore, the reduced distance that light must travel through the water column at midday means that the highest intensities and highest differential between sunlit and shaded intensities occur simultaneously. At reduced ambient light intensities, diffuse radiation caused by scattering of light by cloud cover reduced light flecks and shade, limiting variability in subcanopy irradiance. Compensating irradiance (Ec) of the subcanopy assemblage (at c. 30 μmol m−2 s−1) was reached beneath the canopy only when ambient light was around 400–800 μmol m−2 s−1, coincident with the intensity at which NPP of the full assemblage approximated that of the canopy alone and the point at which the subcanopy (midcanopy + basal) contributed positively to whole assemblage productivity (Figure 5B).
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FIGURE 5. Relationship between ambient and subcanopy irradiance (A); dotted line indicates the average compensation point (irradiance level where photosynthesis and respiration are equal) of the subcanopy assemblage. Here we show the linear fit (F1, 304 = 342.5, P < 0.0001, r2 = 0.53), indicating increasing understory light levels and variance with increasing ambient light. Panel (B) shows NPP of “intact assemblages” and the “canopy” treatment, and the estimated contribution of the “subcanopy” to full assemblage NPP. P-E curves -(solid lines) and ± 1SD (dashed lines), are plotted for “intact assemblages” and the “canopy” treatments, with the difference between the two curves interpreted as “subcanopy” contribution to production. Highlighted on both graphs is the region of irradiance at which average subcanopy irradiance reaches compensation point of the subcanopy assemblage (A) and the corresponding point where productivity of intact assemblages deviates from assemblages with the subcanopy removed (B).



DISCUSSION

Although there is an increasing literature on the importance of light distribution within macroalgal canopies on assemblage production dynamics [for review see (Binzer et al., 2006; Tait and Schiel, 2011; Tait et al., 2017)], there have been few attempts to understand whole assemblage and subcanopy production dynamics in situ [although see (Miller et al., 2011; Tait and Schiel, 2011; Harrer et al., 2013)]. Our study indicates that when fitted to full assemblages saturating curves (Walsby, 1997) often overestimated production at low light intensities and underestimated production at high light intensities. In particular, we note a potential tipping point beyond c. 600–1000 μmol m−2 s−1, above which NPP of complete assemblages increases beyond saturation of photosynthesis in the canopy. Although such a response fails to fit within a typical saturating relationship for photosynthesis, similar responses have been reported for terrestrial forest canopies (Mission et al., 2007; Mercado et al., 2009). The strong radiation gradient within canopies results in a low-efficiency, light saturated canopy, and a high-efficiency, light-limited subcanopy. This relationship is the basis for the “two-big-leaf” model for whole canopy photosynthesis which accounts for the photo-acclimated state of sunlit and shaded leaves (Dai et al., 2004). While such models are yet to be integrated into the whole ecosystem photosynthesis of marine macroalgae, results from our study clearly show that models of whole assemblage photosynthesis for macroalgae require more detailed assessment of the subcanopy contribution including radiative transfer of the canopy and separate integration of sunlit and shaded assemblage components (Dai et al., 2004).

Under a clear sky the canopies of terrestrial plants are often light saturated, yet increasing light to the shaded subcanopy buffers saturation of photosynthesis or photoinhibition, leading to a continuous rise in assemblage photosynthesis with increasing irradiance (Mercado et al., 2009). Macroalgal assemblages with canopy and subcanopy components responded in much the same way, with canopies alone prone to saturation of photosynthesis or photoinhibition. The presence of the subcanopy assemblage increased assemblage productivity above that of the canopy alone at high irradiance (i.e., above c. 1200 μmol m−2 s−1). Furthermore, the point at which whole assemblage photosynthesis exceeded that of the canopy alone was associated with crossing of the compensating light threshold of the subcanopy and an increase in the variability of light delivery. Increasing variability of irradiance in the subcanopy was associated with light transmission through canopies under clear skies where the differential between shade and sunlit intensities is greater than under diffuse radiation associated with cloud cover (Roderick et al., 2001).

Although the mechanisms resulting in an apparent high irradiance threshold in assemblage primary productivity are unclear, the variability in light delivery at high ambient intensities may greatly increase the photon flux density to the subcanopy in such a way that saturation or photoinhibition of whole assemblage photosynthesis does not occur. However, individual photosynthetic elements within an assemblage will undoubtedly be experiencing saturation or photoinhibition (Tait et al., 2017). Heterogeneous resources have been predicted as an important driver of ecosystem function (Tylianakis et al., 2008), and variable light delivery (i.e., flecking) to macroalgal thalli has been shown to increase rates of primary productivity relative to static light conditions (Dromgoole, 1988). Furthermore, there is increasing evidence that the diversity of photosynthetic pigments (Stomp et al., 2007; Striebel et al., 2009) and diversity of morphologies (Tait et al., 2014) within marine algae promote complementarity and enhance overall assemblage production through more complete use of the PAR spectrum (Tait et al., 2017). As more marine photosynthetic research leaves the confines of the laboratory, we believe the fine-scale dynamics of light distribution and delivery will be of utmost importance in determining the impacts of global changes on functioning of marine macrophyte assemblages.

There is substantial evidence that in the temperate marine intertidal environment, many ecosystem functions are largely dependent on canopy-forming algae (Bertness et al., 1999; Bruno et al., 2003; Schiel, 2006; Stachowicz et al., 2008). The removal of these species has a major effect on function, and in some cases these species have been shown to be functionally irreplaceable (Schiel, 2006). Despite the presence of functionally similar species in our study (i.e., perennial canopy-forming fucoid algae), no species replaced the role of Hormosira banksii as a canopy dominant (Schiel and Lilley, 2011), and recovery of NPP following canopy loss occurred only after H. banksii recruits re-established in these assemblages. Canopy-forming fucoids are autogenic engineers or foundation species due to their role in maintaining diversity (Bertness et al., 1999; Bruno et al., 2003; Schiel, 2006), and our results indicate that their role in primary productivity is a key ecosystem function that other species are unable to fulfill in much of the intertidal zone.

Niche complementary is often invoked to describe patterns of diversity and ecosystem function, and may explain how species-rich assemblages are able to use resources such as nitrogen (Bracken and Stachowicz, 2006) and light (Stomp et al., 2007; Striebel et al., 2009; Tait et al., 2014) more effectively than species-poor assemblages. Such complementarity is most readily observed in realistic assemblages (Bracken et al., 2008; Bracken and Williams, 2013), highlighting the importance of species composition and, in the case of light use, the importance of canopy structure. Loss of both canopy and subcanopy components greatly affected production dynamics in the short-term, but a suite of ephemeral algae largely compensated for the loss of the dominant perennial subcanopy species within 6–12 months. Recovery following canopy loss was markedly slower and only occurred after the dominant canopy species H. banksii recruited in high densities. Combined, these results show the critical role of canopy-forming macroalgae in maintaining function and assemblage composition, but also reveal a degree of functional redundancy in the spatially and temporally variable subcanopy assemblage.
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