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• Background and Aims Widespread shifts in seawater chemistry are occurring across spatial and 
temporal scales, with important consequences for coastal ecosystems. Giant kelp (Macrocystis pyrifera) 
forests elevate seawater pH and dissolved oxygen (DO) through photosynthesis, potentially providing 
short-term refugia from ocean acidification and deoxygenation. However, whether these effects persist 
across contrasting environmental settings remains unclear. Here, we assess how biological and 
oceanographic conditions regulate giant kelp-mediated modification of seawater chemistry across 
multiple sites.
• Methodology Hourly measurements of seawater pH, DO and temperature were collected during spring– 
summer 2022–23 using paired deployments inside and outside giant kelp forests at one site in central Chile 
and four sites in Tasmania, Australia. The influence of giant kelp density was also evaluated at two sites in 
southern Chile and three sites in Tasmania. An upwelling index was calculated for the central Chile site to 
assess the influence of regional oceanographic forcing on kelp-associated seawater chemistry patterns.
• Key Results Hourly pH and DO were higher inside giant kelp forests than outside at the central Chile site 
and at one Tasmanian site. At these locations, stronger daytime pH–DO relationships indicated that 
photosynthetic carbon uptake exceeded night-time respiration, generating a net positive metabolic signal. 
In Tasmania, giant kelp density was positively associated with hourly pH and DO, whereas no such 
relationship was detected in southern Chile. At the central Chile site, kelp-associated effects intensified 
during a strong upwelling event, reducing the severity of low pH and DO conditions.
• Conclusions Giant kelp forests can locally buffer short-term fluctuations in seawater pH and DO, but this 
capacity is highly site-dependent and influenced by giant kelp density and environmental conditions. 
Overall, our findings suggest that continued loss of giant kelp forests in Tasmania may reduce their 
potential to provide short-term refugia, while in Chile the strength of kelp-mediated seawater chemistry 
modification is likely to remain strongly influenced by variability in upwelling and freshwater inputs.

Key words: Climate change, Macrocystis pyrifera, macrophytes, ocean acidification, photosynthesis– 
respiration, seawater chemistry.
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INTRODUCTION

Local-scale fluctuations in seawater pH and dissolved oxy
gen (DO) are a natural feature of coastal ecosystems, driven 
by processes such as upwelling, freshwater inputs, organic 

matter loading and biological activity (Vargas et al., 2016; 
Lowe et al., 2019; Walter et al., 2022; George et al., 2024). 
These dynamics can create highly variable and sometimes 
extreme changes in seawater chemistry conditions over 
short spatial and temporal scales (Baumann et al., 2015; 
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Gobler and Baumann, 2016; Baumann and Smith, 2018). 
However, these natural patterns now occur against the back
drop of long-term, anthropogenically driven changes in 
ocean chemistry. Ocean acidification, caused by the uptake 
of atmospheric CO2 and the resulting increase in dissolved 
inorganic carbon, is reducing surface ocean pH globally 
(Feely et al., 2004, 2010). At the same time, ocean warming 
is decreasing oxygen solubility, while shifts in geophysical 
and biogeochemical processes are increasing oxygen de
mand, driving widespread deoxygenation and, in some re
gions, hypoxia (Feely et al., 2010; Diaz and Rosenberg, 
2014; Breitburg et al., 2018; Pitcher et al., 2023). Globally, 
surface ocean pH has already declined by ∼0.02 units and 
DO by ∼2 %, with rates accelerating in recent decades 
(Pörtner et al., 2019; Garcia-Soto et al., 2021). In nearshore 
and estuarine environments, local biological and physical 
processes can generate substantial short-term variability in 
pH and DO that may intensify or mask broader long-term 
trends (Howarth et al., 2011; Carstensen and Duarte, 2019; 
Kroeker et al., 2023). Together, these shifts are expected to 
profoundly affect marine organisms and ecosystem func
tioning (Waldbusser and Salisbury, 2014; Doney et al., 
2020; Hurd et al., 2020).

In response, a range of mitigation and adaptation strate
gies are being explored (Pörtner et al., 2019), with growing 
attention to the capacity of marine macrophytes, particular
ly kelps, to potentially buffer short-term and local changes in 
seawater pH and DO (Kosek and Kukliński, 2023; Ross et al., 
2023; Strain et al., 2024). Through photosynthesis, kelps take 
up inorganic carbon, primarily as aqueous CO2 and/or bicar
bonate (HCO3

−), and release O2, thereby elevating local sea
water pH and DO when rates of carbon fixation exceed 
replenishment from surrounding waters (Delille et al., 
1997, 2000, 2009; Hofmann et al., 2011; Cornwall et al., 
2015; Hirsh et al., 2020; Strain et al., 2024). Their complex 
and dense 3-D structure can further slow water exchange 
within the canopy, allowing the buffering chemical effect 
produced by macroalgae to persist for longer periods, al
though the magnitude of such effects varies with forest 
size, canopy density and exposure to waves, and other hy
drodynamic conditions (Jackson and Winant, 1983; 
Gaylord et al., 2003; Morris et al., 2020; Kregting et al., 
2021; Elsmore et al., 2024). At night, respiration and micro
bial remineralization release CO2 and consume O2, lowering 
pH and DO (Frieder et al., 2012). However, because the sol
ubility of CO2 is roughly an order of magnitude greater than 
that of O2 (Weiss, 1974), daytime CO2 drawdown is often not 
fully counterbalanced by nocturnal respiration, allowing el
evated pH and DO to persist across diel cycles, a pattern that 
has been documented in both natural kelp forests and mac
roalgae aquaculture systems (Murie and Bourdeau, 2020; 
Xiao et al., 2021).

Despite this potential, empirical studies of kelp forests’ ef
fects on seawater chemistry have demonstrated mixed re
sults (Kosek and Kukliński, 2023; Strain et al., 2024). Some 
studies reported higher seawater pH and DO inside kelp for
ests than outside the forest (e.g. Delille et al., 1997, 2000, 
2009; Hofmann et al., 2011; Frieder et al., 2014; Pfister 
et al., 2019; Hirsh et al., 2020), while others observe no con
sistent patterns or high temporal variability (Kapsenberg 
and Hofmann, 2016; Koweek et al., 2017; Traiger et al., 

2022). These discrepancies are widely attributed to differ
ences in kelp biomass, forest structure, hydrodynamic forc
ing, freshwater inputs and anthropogenic influences 
(Krause-Jensen et al., 2015; Strain et al., 2024). However, 
most studies have been conducted at single sites or within 
one region, limiting the ability to examine how biological 
patterns and oceanographic conditions are associated with 
changes in seawater chemistry.

Giant kelp (Macrocystis pyrifera) is among the most pro
ductive macrophytes on Earth and occurs across a wide 
range of environmental settings, from strongly upwelling- 
dominated coasts to hydrographically stable temperate sys
tems (Graham et al. 2007; Gonzalez-Aragon et al., 2025). 
In eastern boundary current systems such as Chile, seasonal 
upwelling delivers cold, CO2-rich and often oxygen-poor wa
ters that can simultaneously stimulate giant kelp growth and 
abundance while reducing seawater pH and DO concentra
tions (Murie and Bourdeau, 2020; Guajardo-Rubilar et al., 
2026). In contrast, south-eastern Australia is characterized 
by relatively stable, oligotrophic waters, with giant kelp for
ests declining due to marine heatwaves and strengthening of 
the East Australian Current (Butler et al., 2020).

Previous studies have also often relied on observations 
spanning multiple seasons or years, enabling broader assess
ment of temporal variability in giant kelp density and ocean
ographic forcing (e.g. Frieder et al., 2012; Hirsh et al., 2020) 
and reporting stronger effects during spring–summer and 
near-surface portions of the canopy, where biomass is concen
trated. In contrast, our study uses shorter-term deployments 
across multiple sites and regions to examine whether consis
tent seawater chemistry patterns emerge across contrasting 
hydrographic conditions. While this design limits our ability 
to resolve seasonal and interannual variability fully or isolate 
mechanistic drivers, it provides an opportunity to evaluate the 
spatial consistency of giant kelp-associated seawater chemis
try patterns across diverse environments.

Here, we provide the first multi-site assessment of how giant 
kelp forests locally influence seawater pH and DO across con
trasting Southern Hemisphere environments. We focused on 
one site in central Chile, two in southern Chile and four in 
south-eastern Australia (Tasmania), which markedly differ in 
hydrographic forcing, from nutrient-rich, upwelling-influenced 
waters and freshwater affected systems in Chile (Vargas et al., 
2016; Vergara-Jara et al., 2019; Molinet et al., 2025) to oligotro
phic and hydrographically stable environments in south-east 
Australia (Ridgway and Ling, 2023). Specifically, we examined 
whether (2) diel seawater pH and DO patterns differed inside 
versus outside giant kelp forests, (2) variation in adult giant 
kelp density was associated with variation in seawater pH 
and DO within forests; and (3) upwelling influenced seawater 
chemistry differently inside and outside giant kelp forests. 
Different subsets of sites were used to address these questions 
because paired inside–outside deployments, giant kelp density 
measurements and upwelling data were not consistently avail
able or ecologically relevant across all study sites. Seawater 
chemistry measurements were collected in the upper 2–3 m 
of the water column, corresponding to the adult giant kelp 
height within forests and positioned above other kelp species 
both inside and outside the forest. By comparing seawater 
chemistry across multiple contrasting environments, this study 
provides new insights into the potential of giant kelp forests to 
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create short-term, localized refugia from low-pH and low DO 
conditions for associated marine organisms.

MATERIALS AND METHODS

Site and habitat descriptions

The study was conducted at seven sites: four in Tasmania 
(Australia), one in central Chile and two in southern Chile 
(Fig. 1). The giant kelp (Macrocystis pyrifera) forests at these 
sites varied in age and density and were exposed to contrast
ing oceanographic conditions. However, all sites were 

characterized by subtidal rocky reef habitat and influenced 
by wave action to some extent.

The Tasmanian sites were characterized by deeper rocky 
reefs (∼9–11 m depth), varying levels of wave exposure and 
differences in the persistence of giant kelp forests (Forbes 
et al., 2024). These sites are not influenced by coastal upwell
ing or major freshwater inputs, but instead by relatively oligo
trophic conditions which are amplified by strengthening of 
the East Australian Current (Butler et al., 2020; Forbes et al., 
2024). The central Chile site, located near the Gulf of 
Arauco, is characterized by shallow rocky reefs (∼7–10 m 
depth) with giant kelp forest exhibiting heterogeneous inter
annual variation rather than pronounced seasonal variability 
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FIG. 1. Map showing sites where seawater chemistry measurements were conducted in south-east Australia and central and southern Chile. Points are 
coloured by location: aqua indicates sites located inside the giant kelp forest, while orange indicates sites outside the kelp forest. Insets display the broader 

geographical context with study areas outlined. 

Strain et al. — Giant kelp-associated variation in coastal seawater chemistry 3

D
ow

nloaded from
 https://academ

ic.oup.com
/aob/advance-article/doi/10.1093/aob/m

cag181/8715197 by U
D

EC
2015 user on 31 July 2026



(Guajardo-Rubilar et al., 2026). This region is strongly influ
enced by seasonal coastal upwelling driven by prevailing 
south–westerly winds during spring and summer (Arcos and 
Navarro 1986; Peterson et al., 1988; Sobarzo et al., 2007). In 
contrast, the southern Chilean sites are characterized by rela
tively shallow giant kelp forests (∼6–8 m depth), annual kelp 
populations and moderate wave exposure (Buschmann et al., 
2004). Unlike central Chile, these systems are primarily influ
enced by freshwater inputs from the Reloncaví Estuary rather 
than by coastal upwelling (Castillo et al., 2016; Pérez-Santos 
et al., 2021; Pinilla et al., 2024).

Seawater pH and DO diel patterns inside and outside giant kelp 
forests

To assess whether diel seawater pH and DO patterns dif
fered between areas within and outside giant kelp forests, 
pH/temperature and DO/temperature sensors were de
ployed in central Chile and Tasmania. In central Chile, 
pH/temperature and DO/temperature sensors were de
ployed within giant kelp forests where M. pyrifera was inter
spersed with shorter stipated kelps (∼4 m tall and 4 m below 
the sensors) and on adjacent rocky reefs without kelps (lo
cated >100 m away from the giant kelp site), In Tasmania, 
measurements were taken within forests where M. pyrifera 
was similarly interspersed with shorter stipitate kelps 
(∼2 m tall and at least 4 m below the sensors), and on adja
cent rocky reefs with comparable species composition and 
stipe densities but lacking giant kelp (Forbes et al., 2024).

All sensors were deployed within giant kelp forests at ∼2– 
3 m depth in the water column, for 14–27 d. At each site, sea
water pH, DO and temperature were recorded at 10-, 20- or 
60-min intervals using HOBO pH loggers and miniDOT or 
HOBO DO loggers (Table 1). Sensors were calibrated accord
ing to the manufacturer’s instructions. To standardize mea
surements across sites with differing logger sampling 
intervals, all data were converted to hourly averages of pH 
and DO. Comparisons between higher-frequency measure
ments and hourly subsampling indicated that hourly averag
es produced comparable patterns in seawater chemistry 
across sites and habitats.

Giant kelp density effects on seawater pH and DO diel patterns

To assess whether adult giant kelp density provided a rea
sonable proxy for canopy structure at the depth of seawater 
chemistry measurements, additional information on kelp 
morphology and vertical distribution was collected.

In Tasmania, the number of giant kelps reaching the 
height of the seawater chemistry sensors was recorded along 
2 × 50 m transects at each site, with an average of 75 % of in
dividuals extending to the sensor depth. In southern Chile, 
adult giant kelp (>60 cm) density was quantified along 
four 10-m transects at each site using randomly placed 
1-m2 quadrats (16 quadrats per site), and ten adult kelps 
were collected at each site to estimate total length. 
Approximately 60 % of adult individuals ranged between 2 
and 4 m in length, corresponding closely to the depth of 
the seawater chemistry sensors (∼2 m below the surface). 
In central Chile, adult giant kelp density was not quantified; 
however, 20 adult kelps were collected and measured, with 
∼75 % of individuals ranging between 4 and 6 m in length. 
Although direct measurements of canopy biomass at sensor 
depth were unavailable, these observations indicated that 
most adult giant kelps extended into the upper water column 
where seawater chemistry measurements were collected.

Analysis

To characterize variation in seawater chemistry (pH and 
DO), hourly pH and DO values were firstly calculated across 
all sites. Linear mixed-effects models (LMs) were used to ex
amine the effects of habitat (inside vs outside) and sites (four 
Tasmanian sites and one central Chile site) with day includ
ed as a random effect to account for temporal autocorrela
tion among repeated measurements. Hour of day was 
modelled as a second-degree polynomial term to capture 
diel patterns in seawater chemistry.

To examine whether relationships between pH and DO 
differ inside vs outside giant kelp forests during periods of 
active photosynthesis, additional LMs were conducted using 
daylight measurements only (0900–1700 h), with the same 
fixed and random effects structure as that described above.

TABLE 1. Overview of measurements, sensors used and dates of collection for each site.

Site label Site name Sensor and site 
depth (m)

Location Measurements Sensor and measurement 
interval (min)

Dates and 
duration (d)

SE_Aus_1 Fortescue 
Bay

2.5 m (sensor), 
11 m (site)

Inside and outside 
giant kelp forest

DO, pH, kelp density, 
temperature

PME miniDOT, HOBO pH 
(MX2501), 10 min

18/10/2022–1/11/ 
2022 (15)

SE_Aus_2 Tinderbox 2 m (sensor), 
9 m (site)

Inside and outside 
giant kelp forest

DO, pH, temperature PME miniDOT, HOBO pH 
(MX2501), 10 min

24/01/2023–6/02/ 
2023 (14)

SE_Aus_3 Sisters Bay 3 m (sensor), 
10 m (site)

Inside and outside 
giant kelp forest

DO, pH, kelp density, 
temperature

PME miniDOT, HOBO pH 
(MX2501), 10 min

12/09/2023–24/ 
09/2023 (14)

SE_Aus_4 Actaeon 
Islands

3 m (sensor), 
11 m (site)

Inside and outside 
giant kelp forest

DO, pH, kelp density, 
temperature

PME miniDOT, HOBO pH 
(MX2501), 10 min

12/10/2023–6/11/ 
2023 (26)

C_Chile_1 Concepcion 2 m (sensor), 
8 m (site)

Inside and outside 
giant kelp forests

DO, pH, temperature PME miniDOT, HOBO pH 
(MX2501), 60 min

3/11/2023–30/11/ 
2023 (27)

S_Chile_1 Ilque 2 m (sensor), 
8 m (site)

Inside giant kelp 
forest

DO, pH, kelp density, 
temperature

HOBO DO (U26-001), HOBO 
pH (MX2501), 20 min

9/11/2023–30/11/ 
2023 (22)

S_Chile_2 Metri 2 m (sensor), 
8 m (site)

Inside giant kelp 
forest

DO, pH, kelp density, 
temperature

HOBO DO (U26-001), HOBO 
pH (MX2501), 20 min

7/11/2023–29/11/ 
2023 (23)
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Within giant kelp forests, either LMs or generalized linear 
models (GLMs) with a quasi-Poisson distribution were used 
to examine relationships among hourly pH, DO and temper
ature at each site separately. Hour of day was included as a 
second-degree polynomial covariate to account for diel var
iability. Analyses were conducted for both the full 24-h peri
od and daylight hours only (0900–1700 h).

To test whether adult giant kelp density was associated 
with seawater chemistry within forests in southern Chile 
and Tasmania, LMs were used to examine the effects of 
site, giant kelp density and hour of day on hourly pH and 
DO, with day included as a random effect. These analyses in
cluded the five sites where giant kelp density measurements 
were available (three Tasmanian sites and two southern 
Chilean sites).

To assess whether upwelling influenced seawater chemistry 
differently inside and outside giant kelp forests, we first deter
mined the occurrence of coastal upwelling events at the cen
tral Chile sites (inside and outside giant kelp forests). To do 
this, wind data were obtained from MeteoChile for the period 
3–30 November 2023. An upwelling index (UI) was calculated 
following Bakun (1973) (see Supplementary Data S1 for de
tails), where positive values indicate winds favourable for up
welling (south-to-north winds). Upwelling index values were 
then compared with seawater pH and DO measured inside 
and outside giant kelp forests to assess short-term relation
ships between upwelling conditions and seawater chemistry.

For all models, assumptions of normality and homosce
dasticity were assessed using diagnostic plots. Where neces
sary, data transformations were applied based on Box–Cox 
procedures. Significance of fixed effects was assessed using 
type III ANOVA implemented with the Anova function in 
the car package (Fox et al., 2013), and post hoc comparisons 
were conducted using the emmeans package (Lenth et al., 
2019). All statistical analyses were performed in R version 
4.5.0 (R Core Team, 2025) and figures were generated using 
ggplot2 (Wickham, 2011).

RESULTS

Effects of giant kelp forests on local seawater chemistry

The effects of giant kelp forests on hourly pH varied across 
sites (Fig. 2, Table 2). At central Chile 1 and Tasmania 3, 
pH was significantly higher inside the giant kelp forests 
than outside. In contrast, at all other sites hourly pH was 
higher outside than inside the giant kelp forests.

Similarly, the influence of giant kelp forests on seawater 
DO concentrations was site-specific (Fig. 3, Table 2). At cen
tral Chile 1, Tasmania 3 and 4, DO was significantly higher 
inside than outside the giant kelp forests. In contrast, 
Tasmania 2 had significantly lower DO inside the giant 
kelp forest relative to outside. At all other sites, there were 
no detectable differences in DO between inside and outside 
the giant kelp forests.

At all sites, hourly pH and DO were positively correlated 
during daylight hours, though the strength and nature of 
this relationship varied across sites and through time (Fig. 4, 
Table 3). At both central Chile 1 and Tasmania 3, the relation
ship between hourly pH and DO was steeper and there were 
higher R2 values inside the giant kelp forest compared with 
outside (Fig. 4, Table 3). This relationship was stronger in 
Chile 1 than in Tasmania 3, with higher R2 values. In contrast, 
at Tasmania 1 there was a steeper relationship and higher R2 

value outside relative to inside the giant kelp forest (Fig. 4, 
Table 3). At the remaining sites there were no significant dif
ferences between habitats (Fig. 4, Table 3).

Across all giant kelp sites (including southern Chile), sea
water hourly pH and DO had significant and moderate to 
strong positive relationships (adjusted R2 values 0.33–0.86), 
(Table 4). Most sites also showed weak to strong positive 
relationships between hourly DO and temperature (adjust
ed R2 from 0.15 to 0.72), as well as between pH and temper
ature (adjusted R2 from 0.12 to 0.85) (Table 4). Significant 
effects of time of day were observed, especially during the 
daylight period, reflecting diel cycles that influence these 
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FIG. 2. Hourly pH inside (blue) and outside (orange) giant kelp forests at five sites. Coloured lines indicate mean values. Dark grey shading represents 
±95 % confidence intervals; light grey shading highlights night-time hours (∼1900–0800 h). 
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TABLE 2. Results of LMs testing the effects of habitat (inside vs outside giant kelp forests), site (five levels) and time (hour, modelled 
as second-degree polynomial) on (A) hourly pH and (b) hourly DO (mg L−1). Bold P-value indicated significant differences.

(A) Hourly pH

Effect χ2 d.f. P-value

Intercept 418 759.40 1 <0.0001

Habitat 416.09 1 <0.0001

Site 811.01 4 <0.0001

Poly(time) 166.86 2 <0.0001

Habitat × site 1264.16 4 <0.0001

Site Contrast Estimate Standard error d.f. t-Ratio P-value

C_Chile_1 Inside–outside 0.0723 0.00354 3655 20.685 <0.0001

SE_Aus_1 Inside–outside −0.0679 0.00342 3656 −20.143 <0.0001

SE_Aus_2 Inside–outside −0.0523 0.00341 3655 −15.543 <0.0001

SE_Aus_3 Inside–outside 0.0464 0.00348 3655 13.138 <0.0001

SE_Aus_4 Inside–outside −0.0217 0.00246 3656 −7.543 <0.0001

(B) Hourly DO

Effect χ2 d.f. P-value

Intercept 5593.66 1 <0.0001

Habitat 540.91 1 <0.0001

Site 2030.16 4 <0.0001

Poly(time) 307.43 2 <0.0001

Habitat × site 434.48 4 <0.0001

Site Contrast Estimate Standard error t-Ratio P-value

C_Chile_1 Inside–outside 0.9778 0.0420 23.257 <0.0001

SE_Aus_1 Inside–outside −0.0314 0.0405 −0.774 0.4392

SE_Aus_2 Inside–outside −0.1066 0.0405 −2.635 0.0084

SE_Aus_3 Inside–outside 0.2662 0.0427 6.236 <0.0001

SE_Aus_4 Inside–outside 0.1547 0.0292 5.297 <0.0001
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seawater chemistry parameters (Table 4). At most sites, 
temperature-related relationships (both pH–temperature 
and DO–temperature) had higher R2 values during daylight 
hours (0900–1700 h) compared with the full 24-h period, 

with these effects more pronounced in central and southern 
Chile than in the Tasmanian sites (Table 4). Additionally, 
four sites (Tasmania 3, central Chile 1 and southern Chile 
1 and 2), had higher R2 values for the relationship between 
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FIG. 4. Relationships between hourly pH and DO inside (aqua) and outside (orange) giant kelp forests at five sites, in daylight hours (0900–1700 h). 
Coloured lines indicate mean values: shading represents ±95 % confidence intervals. 

TABLE 3. Results of LMs testing the effects of habitat (inside vs outside giant kelp forests), site (five) and time (hour, modelled as a 
second-degree polynomial) on the relationships between hourly seawater pH and DO (mg L−1) during daylight hours (0900–1700 h). 

Bold P-value indicate significant differences. 

Factor χ2 d.f. P-value

(Intercept) 156 493.171 1 <0.0001

Habitat 40.600 1 <0.0001

DO 872.658 1 <0.0001

Site 279.092 4 <0.0001

Poly(time) 61.967 2 <0.0001

DO × habitat 56.789 1 <0.0001

DO × site 221.402 4 <0.0001

Habitat × site 50.098 4 <0.0001

DO × habitat × site 70.817 4 <0.0001

Site pairwise contrasts Estimate Standard error t-Ratio d.f. P-value

C_Chile_1 inside–outside 0.0201 0.0018 11.144 3658 <0.0001

SE_Aus_1 inside–outside −0.0144 0.0056 −2.545 3658 0.0110

SE_Aus_2 inside–outside −0.005 0.006 −0.740 3651 0.4591

SE_Aus_3 inside–outside 0.0102 0.0724 1.1411 3649 0.0465

SE_Aus_4 inside–outside 0.002 0.0047 0.294 3654 0.7689
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TABLE 4. Results of GLMs assessing relationships among hourly pH, temperature (temp) and DO (mg L−1), and the effect of time 
(hour, modelled as a second-degree polynomial) inside giant kelp forests. Bold P-value significant diferrences.

Site Factor χ2 d.f. Adjusted R2 P-value χ2 d.f. Adjusted R2 P-value

24 h 0900–1700 h

C_Chile_1 DO × temp 44.846 1 0.1552 <0.0001 9.003 1 0.242 0.0027

Hour 1.940 2 – 0.379 72.559 1 – <0.0001

pH × temp 36.803 1 0.1228 <0.0001 33.698 1 0.2581 <0.0001

Hour 1.440 2 – 0.4867 6.479 2 – 0.0394

pH × DO 1029.56 1 0.7792 <0.0001 289.714 1 0.8583 <0.0001

Hour 2.05 2 – 0.3595 0.355 2 – 0.8374

S_Chile_1 DO × temp 1224.50 1 0.7177 <0.0001 178.756 1 0.4987 <0.0001

Hour 16.21 2 – 0.0004 15.579 2 – 0.0004

pH × temp 1342.45 1 0.7313 <0.0001 749.82 1 0.8132 <0.0001

Hour 22.19 2 – <0.0001 8.33 2 – 0.0155

pH × DO 272.469 1 0.3645 <0.0001 129.655 1 0.4487 <0.0001

Hour 50.603 2 – <0.0001 28.975 2 – <0.0001

S_Chile_2 DO × temp 476.43 1 0.5309 <0.0001 100.409 1 0.3637 <0.0001

Hour 66.99 2 – <0.0001 0.976 2 – 0.6138

pH × temp 955.33 1 0.6446 <0.0001 442.56 1 0.7126 <0.0001

Hour 16.46 2 – 0.0002 39.23 2 – <0.0001

pH × DO 274.906 1 0.3549 <0.0001 162.09 1 0.5636 <0.0001

Hour 89.827 2 – <0.0001 112.12 2 – <0.0001

SE_Aus_1 DO × temp 119.339 1 0.3075 <0.0001 66.829 1 0.3825 <0.0001

Hour 31.116 2 – <0.0001 4.896 2 – 0.0865

pH × temp 182.245 1 0.3716 <0.0001 78.707 1 0.4246 <0.0001

Hour 0.394 2 – 0.812 0.397 2 – 0.8202

pH × DO 460.09 1 0.5969 <0.0001 157.146 1 0.5921 <0.0001

Hour 30.86 2 – <0.0001 9.945 2 – 0.0069

SE_Aus_2 DO × temp 8.17 1 0.2957 0.0043 0.013 1 0.3576 0.9080

Hour 110.39 2 – <0.0001 59.628 2 – <0.0001

pH × temp 19.63 1 0.2991 <0.0001 0.8214 1 0.1765 0.3648

Hour 112.58 2 – <0.0001 25.2885 2 – <0.0001

pH × DO 202.02 1 0.5435 <0.0001 29.9092 1 0.3087 <0.0001

Hour 85.32 2 – <0.0001 3.5443 2 – 0.1700

SE_Aus_3 DO × temp 0.853 1 0.2684 0.3556 0.092 1 0.4813 0.7620

Hour 101.633 2 – <0.0001 123.869 2 – <0.0001

pH × temp 34.234 1 0.3456 <0.0001 3.03 1 0.4380 0.0817

Hour 55.529 2 – <0.0001 39.99 2 – <0.0001

pH × DO 7.875 1 0.2888 0.0050 2.012 1 0.3331 0.0100

Hour 101.041 2 – <0.0001 35.951 2 – <0.0001

SE_Aus_4 DO × temp 3.603 1 0.1577 0.0577 33.871 1 0.3135 <0.0001

Hour 115.288 2 – <0.0001 86.365 2 – <0.0001

pH × temp 3.479 1 0.2248 0.0622 2.566 1 0.2319 0.1092

Hour 161.339 2 – <0.0001 69.396 2 – <0.0001

pH × DO 8.16 1 0.2305 0.0043 0.585 1 0.2253 0.4444

Hour 138.19 2 – <0.0001 57.602 2 – <0.0001

Models were run separately for each of the seven sites, across both the full 24-h period and the daylight hours (0900–1700 h).
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hourly pH and DO in daylight hours than over the full day, 
consistent with increased photosynthetic activity driving 
these patterns (Table 4).

Effects of giant kelp density on local seawater chemistry

Both hourly pH and DO increased with giant kelp density, 
though these relationships differed between regions and 
through time (Fig. 5, Table 5). Pairwise comparisons indicat
ed that the positive effect of increasing giant kelp density on 
hourly pH was stronger in Tasmania than in southern Chile. 
Similarly, higher giant kelp density was associated with ele
vated hourly DO concentrations in Tasmania, whereas this 
effect was weaker or not evident in southern Chile.

Effects of upwelling on seawater chemistry in central Chile

The UI for central Chile indicated several wind-driven up
welling pulses during the deployment period, particularly be
tween 11 and 17 November 2023 (Supplementary Data S1). 
During this event, positive UI values (>100 m3 s−1 km−1) corre
sponded to marked declines in seawater pH and DO outside the 
giant kelp forest, reaching minima of 7.40 and 0.43 mg L−1, re
spectively. In contrast, inside the giant kelp forest, minimum 
values were slightly higher (pH 7.52; DO 3.92 mg L−1), suggest
ing a moderate and localized buffering effect associated with 

giant kelp photosynthesis and reduced mixing. Following the 
relaxation of upwelling (negative UI values), both seawater 
pH and DO increased rapidly in both habitats, indicating a 
strong short-term coupling between wind-driven upwelling in
tensity and nearshore seawater chemistry.

DISCUSSION

This study provides a multi-site assessment of seawater pH and 
DO diel patterns associated with giant kelp forests across con
trasting Southern Hemisphere habitats. Clear increases in pH 
and DO were observed within the giant kelp forest in central 
Chile and at one site in Tasmania, whereas no consistent differ
ences were detected at other sites. At Tasmania 3, hourly pH 
and DO inside the canopy were elevated by ∼0.05 units and 
∼0.3 mg L−1, respectively, while at central Chile 1, increases 
were greater ∼0.07 pH units and ∼0.97 mg L−1 DO. These val
ues fall within the global ranges reported for other kelp forests 
(pH ≈ 0.01–0.8 and DO ≈ 0.13–2.89 mg L−1, (Strain et al., 
2024)), with the effects unsurprisingly concentrated during day
light hours (Frieder et al., 2014; Traiger et al., 2022; Strain et al., 
2024). Overall, our results indicate that the influence of giant 
kelp forests on seawater pH and DO vary substantially among 
sites and regions, and these differences are context-dependent. 
Similar spatial variability has been reported at sites within 
California (Koweek et al., 2017; Traiger et al., 2022; Kroeker 
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et al., 2023) and specific regions in Australia (Britton et al., 2016; 
Ling et al., 2020; Strain et al., 2024), reinforcing that the poten
tial of kelp forests to provide short-term refuges from changes in 
pH and DO must be evaluated within their specific ecological 
and physical contexts.

Effects of giant kelp forests on seawater chemistry in south-east 
Australia

In Tasmania, Australia, there was only one site where gi
ant kelp forests significantly altered surrounding seawater 
pH and DO relative to outside. The minimum and maximum 
hourly values recorded inside that giant kelp forest were 8.24 
and 8.34 for pH and 9.89 and 12.07 mg L−1 for DO, compared 
with 8.19 and 8.32 (pH) and 9.81 and 11.86 mg L−1 (DO) out
side. Positive relationships between pH and DO were most 
evident during the daylight hours, and there was a stronger 
influence of photosynthetic activity inside the giant forest 
than outside. Moreover, the consistently positive hourly 
range in pH and DO within this giant kelp forest suggests 
that net photosynthesis might have outweighed respiration.

Several factors may explain why buffering was only evident 
at this site. Remnant Tasmanian giant kelp forests are typical
ly smaller, younger, less dense and more transient than they 
were historically (Johnson et al., 2011; Butler et al., 2020; 
Forbes et al., 2024), largely due to the increasing penetration 
of the East Australian Current and marine heatwaves (Mabin 
et al., 2019; Hurd et al., 2023; Ridgway and Ling, 2023). 

Consequently, differences in giant kelp density may have con
tributed to weaker seawater chemistry differences at 
Tasmania 1, 2 and 4 relative to Tasmania 3 or compared 
with the more extensive and persistent giant kelp forests in 
central Chile (Mora-Soto et al., 2021; Guajardo-Rubilar 
et al., 2026) and elsewhere globally (Wernberg et al., 2019).

Another potential explanation is the high diversity and 
cover of the macroalgal subcanopy in Tasmania giant kelp 
forests, which may mask the signal of giant kelp. In this re
gion, up to ten species of large, brown, canopy-forming mac
roalgae co-occur, forming a mixed canopy both inside and 
outside remnant giant kelp forests (S. Bennett, unpubl. 
data). Species such as Ecklonia radiata, Phyllospora comosa 
and several others fucoids, can obtain substantial sizes and 
biomass, and their photosynthetic activity likely contributes 
significantly to seawater pH and DO variability (Britton 
et al., 2016; Ling et al., 2020; Strain et al., 2024). This inter
pretation is supported by the relatively high pH values re
corded outside giant kelp forests at Tasmania 1, 2 and 4, 
where similar densities of other canopy-forming kelps 
were recorded inside and outside the giant kelp forest 
(E. M. A. Strain, unpubl. data).

The strongest seawater chemistry effects occurred at the 
youngest and densest giant kelp forest, consistent with pre
vious studies showing that dense kelp forests are often asso
ciated with higher daytime pH and DO than sparse forests 
(Krause-Jensen et al., 2015; Traiger et al., 2022; Strain 
et al., 2024). This pattern parallels terrestrial forests, where 
younger, regenerating stands or plantations often exhibit 
the highest rates of carbon uptake as the rapidly growing, 
dense stands of trees actively fix CO2 through photosynthe
sis (Pan et al., 2024).

Effects of giant kelp forests on seawater chemistry in central Chile

Along the Chilean coast, strong seasonal upwelling results in 
large fluctuations in seawater chemistry particularly during 
spring and summer (Aguirre et al., 2021; Muñoz et al., 2023). 
At central Chile 1, seawater pH and DO were consistently high
er inside than outside the giant kelp forest, with the strongest 
correlations occurring during an upwelling pulse. During a ma
jor upwelling period, the minimum hourly values outside the 
forest dropped to pH 7.40 and DO 0.43 mg L−1, whereas inside 
the forest they remained higher (pH 7.52; DO 3.92 mg L−1). 
Mean daily offsets between inside and outside the forest ranged 
from 0.03 to 0.27 pH units and from 0.41 to 4.03 mg L−1 DO, 
comparable to values reported for other macroalgal habitats 
along upwelling-influenced coastlines (Koweek et al., 2017; 
Pfister et al., 2019). Similar short-term differences have also 
been reported in giant kelp forests in California and seagrass 
meadows in Tanzania (Pfister et al., 2019; George et al., 2024).

These stronger differences during upwelling periods may 
reflect interactions between nutrient-rich waters, canopy pho
tosynthesis and lower pH and DO conditions outside forests. 
In central Chile, M. pyrifera biomass typically peaks during 
spring, coinciding with the upwelling season (Gonzalez- 
Aragon et al., 2025), suggesting that seasonal changes in can
opy structure may influence seawater chemistry patterns and 
that changes associated with upwelling events might promote 
the growth of M. pyrifera (Guajardo-Rubilar et al., 2026). 
However, the present study was limited to a relatively short 

TABLE 5. Results of LMs testing the effects of giant kelp density 
(m2), region (SE Australia and southern Chile) and time (hour, 
modelled as a second-degree polynomial) on hourly seawater 
pH and DO (mg L−1). Bold P-value indicate significant 

differences.

(A) Hourly pH

Factor χ2 d.f. P-value

(Intercept) 260 226.11 1 <0.0001

Region 208.59 1 <0.0001

Density 46.53 1 <0.0001

Poly(time) 19.88 2 <0.0001

Region × giant kelp density 25.87 1 <0.0001

Contrast Estimate Standard error d.f. t-Ratio P-value

Australia–Chile 0.0419 0.0082 84 5.087 <0.0001

(B) Hourly DO

Factor χ2 d.f. P-value

(Intercept) 7626.81 1 <0.0001

Region 1.60 1 0.2055

Density 1.35 1 0.2458

Poly(time) 212.56 2 <0.0001

Region × giant kelp density 16.37 1 <0.0001

Contrast Estimate Standard error d.f. t-Ratio P-value

Australia–Chile 0.253 0.0626 83.8 4.046 0.0001
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deployment period and did not directly quantify canopy bio
mass or seawater nutrients concentration.

Freshwater inputs could also have influenced the seawater 
chemistry at this site through both physical and biogeochem
ical pathways (Salisbury et al., 2009; Vargas et al., 2016; 
Breitburg et al., 2018). River discharge and precipitation can 
reduce seawater pH directly by diluting total alkalinity and in
directly by delivering organic matter that stimulates microbial 
respiration and CO2 production (Borgesa and Gypensb, 2010; 
Duarte et al., 2013). For example, Vargas et al. (2016) recorded 
nearshore pH values as low as 7.60 during peak Biobío River 
discharge in winter, compared with 7.95–8.15 in more oceanic 
waters, while higher pH values of ∼8.15 were observed near 
the river plume during spring upwelling due to dense algal 
blooms. In mixed environments where upwelling and fresh
water plumes periodically reduce pH and DO while elevating 
nutrient concentrations, photosynthetic activity by M. pyrifera 
may locally and temporarily moderate exposure to low pH and 
low DO conditions.

Effects of giant kelp forests on seawater chemistry in southern Chile

At the southern Chile sites, minimum hourly DO values in
side giant kelp forests consistently exceeded 6 mg L−1 and were 
generally higher than those recorded in central Chile. 
Relationships between pH and DO were weaker than those ob
served at the central Chile site, suggesting that seawater chem
istry dynamics differed between these regions. However, 
stronger daytime correlations between pH and DO relative to 
the full 24-h cycle suggest that daytime photosynthesis by giant 
kelp contributed to increases in both variables.

In contrast to the upwelling-dominated systems in central 
Chile, southern Chilean coastal ecosystems are strongly in
fluenced by freshwater inputs and exhibit strong salinity- 
driven pycnoclines resulting from river discharge (Molinet 
et al., 2025). Freshwater inputs can reduce alkalinity and 
buffering capacity (Salisbury et al., 2009; Vargas et al., 
2016), while organic and nutrient inputs may stimulate mi
crobial respiration and CO2 production in subsurface waters 
(Borgesa and Gypensb, 2010; Cai et al., 2011). Consequently, 
the relatively low pH values recorded in this region likely re
flect combined freshwater and biogeochemical influences 
rather than upwelling.

Contrary to our expectations, giant kelp density was not 
strongly associated with seawater pH or DO at the southern 
Chile sites. This suggests that adult density alone may not 
adequately represent canopy structure or standing biomass 
in these systems. Although southern Chile site 2 supported 
higher adult densities than site 1, the forest was younger 
with a marked seasonality, with smaller individuals and re
duced canopy extent (A. H. Buschmann et al., unpubl. data). 
These observations suggest that differences in canopy struc
ture, size distribution and local physical conditions may 
have contributed more strongly to seawater chemistry vari
ation than adult density alone.

Conclusions

Across seven sites spanning Tasmania and Chile, sea
water chemistry patterns associated with giant kelp forests 
differed substantially among regions with contrasting 

environmental conditions. Higher pH and DO inside giant 
kelp forests were most evident at central Chile 1 and 
Tasmania 3, where hourly pH was elevated by ∼0.05–0.07 
units and DO by ∼0.3–0.9 mg L−1 relative to surrounding 
waters. Although modest in magnitude, these short-term 
differences may locally reduce exposure to low pH and 
low DO conditions for organisms associated with giant 
kelp habitats, such as amphipods, calcifiers, grazers and gas
tropods (Almanza et al., 2012; Forbes et al., 2024), which can 
be found in giant kelp fronds.

However, our measurements were limited to relatively 
short deployments (14–27 d), restricted to spring–summer 
conditions (peak growing season), and focused within the up
per portion of giant kelp canopies. In addition, direct measure
ments of canopy biomass and hydrodynamic forcing were 
unavailable for most sites. Quantifying kelp biomass across 
multiple sites is logistically challenging, as it typically requires 
intensive diver-based surveys, underwater imaging, or de
structive sampling, which can be constrained by wave expo
sure, currents, limited accessibility and the complex 
structure of rocky reef habitats (Kartveit et al., 2022). 
Consequently, biomass was estimated using available struc
tural proxies rather than direct measurements. While these es
timates provide a useful approximation of forest structure, 
future studies incorporating efficient, non-destructive assess
ments of both subsurface and surface canopy biomass, as 
well as high-resolution remote sensing approaches would im
prove our understanding of the relationship between kelp bio
mass, forest structure, and seawater chemistry modification.

Moreover, because measurements were restricted to the 
spring–summer period, our results may not capture the full 
temporal variability in kelp-mediated seawater chemistry mod
ification. The magnitude of these effects is likely to vary season
ally in response to changes in environmental conditions 
(Frieder et al., 2012; Kosek and Kukliński, 2023), including light 
availability, temperature, nutrient supply and hydrodynamic 
conditions, as well as seasonal fluctuations in kelp biomass, 
canopy structure and photosynthetic activity. Consequently, 
the patterns observed during the peak growing season may 
not be representative of other times of the year. Long-term stud
ies spanning multiple seasons are therefore needed to better un
derstand how temporal variation in environmental forcing and 
kelp population dynamics influences the capacity of giant kelp 
forests to modify local seawater chemistry.

Importantly, we found the continued loss of giant kelp in 
Tasmania will likely further erode the short-term capacity of 
giant kelp forests to increase seawater pH and DO, while 
changes in coastal upwelling and freshwater regimes in 
Chile will continue to modulate the strength and direction 
of giant kelp–seawater chemistry feedback. Understanding 
the physical and biological mechanisms underlying these re
gional contrasts is essential for predicting how giant kelp 
forests will influence nearshore carbonate dynamics and 
ecosystem functioning under future ocean conditions.

SUPPLEMENTARY DATA

Supplementary data are available at Annals of Botany online 
and consist of the following. S1: details of the methods used 
to calculate the upwelling index.
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